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NOMENC LAT URE _

a Nozzle area, also reaction rate parameter _

A Diabatic -heat addition term linking fluid dynamic '_
• _#

and relaxation processes _-
b React'ion rate parameter ,.

B Energy exchange term linking fluid dynamic and. _

relaxation processes- _I "_
c. Species mass fraction ._

,]

c F Thrust coefficient _.

Cp Heat capacity
o

C* ,.Characteristic exhaust velocity ..
., o ? _:

:_ _ Derivative "_

ne: F Free e rgy ,
= , °-

- g

h _, _nthalpy, als0 integration increment
• ._r

enthalpy • =-H : Total ., = .

' AHF Heart'of formation .. : -
J

• I _- Specific impulse "
sp .... _

k Variable increment, also reaction rate parameter :

K .. Equilibriumn cons}ant

m Reaction rate ratio _ ._

M Mach number, also third body reaction term _

n B.e_ct_on rate parameter, also summation or "
iteration index "

Np Pressure expansion coefficient _ " " _ ,'

N_ Temperature expans',_n Coefficient "-_

N I th ridi_ '_ r_ ozz e _ roar us , cr
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NOMENC LA T URE (Continuedll

R Gas constant

R# Nczzle wall radius of curvature a'l. throat

S Entropy, also sur_imation terr_.

T Temperature

V Velocity

x Axial distance

y Dependent variable

a i Partial derivative, 8fi/Sx

_i,j Partia I derivative,. 8fi/8yj

y Gamma

6. incremental error
I

6. Kronecker delta
1,j

Area ratio

p Density -_

0 Nozzle cone _gle

Subscripts:
c Refers to chamber conditions

i Refers to ith species or equation

j Refers to jth reaction or variable

o Refers to reference conditions

Superscripts:
C Refers to corrected increment

P Refers to predicted _ncrement

-_ _ Re_ers_to throat conditions

iv
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i. INTRODUC TION

_i_his contains a complete description of the firstreport engineering

computer program being developed by TRW Systems Group for NASA (MSC)

under Contract NAS9-4358, Development of Six (6)Cornputer Programs

for Analytical Prediction of Delivered SpecificSurpulse;

_The objective contract to develop a family six computer
Of this is Of

programs to calculate inviscid, one-dimensional, and axisynm%etric non-

equilibrium nozzle flow fields. Assuming that equilibrium conditions

exist inthe combustion chamber, these Progr_ns will calculate the non-

eqailibrium nozzle expansion of propellant exhaust mixtures containing

the six elements: carbon, hydrogen, oxygen, nitrogen, fluorine, chlorine,

and one metal element, either aluminum, beryllium, boron or litbiurn.

These computer prograr__ s will account for the nonequilibrium effects of

finite rate chemical reactionsbetween gaseous combustion products and

velocity and thermal lags between gaseous and condensed combustion

products.

_he computer program described in this report calculates the inviscid

one-dimensional nonequilibriurn nozzle expansion of propellant exhaust

mixtures containing tl_es-_xelements: carbon, hydrogen, oxygen, _itrogen,

fluorine,and chlorine. The computer program considers the 18 significant

gaseous species present in the exhaust rnix_ures of prope!iants containing

these elements and the 39 chemical reactions (1Z dissociation-recombina-

tion reactions and 27 binary exchange reactions) which can occur between

the exhaust products. The computer program is desigm:d fol engineeri_ng

use and is specified and programmed in a stza_gh_forward manner to ,.
t"

facilitate its use as a development tool. In orde: to reduce the computation

time per case to a minimum, the program u_ilizes a second order implicit

integration method. This integration rnethod has been d.-.rnonstrated to

reduce the computation time per CaSe s eVerai orders of magnitude when

directly compared with the computation times required utilizing standard

explicitintegrationmethods such as fourth order Runge-Kutta or Ada_ns- -....._---

Moulton methods. _'

I-I ..
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Section 2 contains a derivation of the equations governing the inviscid,

one-dimensional flow of a chemically reacting gas mixture in the form in

which they are integrated in the computer program.

Section 3 contains a brief discussion of the use of both implicit and

explicit integration methods to integrate relaxation equations, and a como

plete derivation of the second order implicit integration method used in the

computer program.

Section 4 contains a detailed engineering description of all the calcu-

lations performed in the computer program.

At the completion and deli,_ery of this computer program to NASA

(MSC), an updated version of this document describing the engineering

analyses, a similar ,document describing the programming and program

logic, and a user's manual describing the use of the pr _gram will be =

delivered to NASA (MSC) to complete the program documentation. =

5

)

J
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Z. CONSEIIVATION EQBATIONS

The conservation equations governing the inviscid one-dimensional

f]ow of zeacting gas mixtures have been given by Hirshfelder, Curtiss

and Byrd, (I) Penner (Z) and others. The basic assumptions made in

deriving these conservation equations are: o

• There are no mass or _.nergy losses fr'om the system.

• The gas is inviscid.

• Each component of the gas is a perfect gas.

• The internal degrees of freedom (translational, rotational

and vibrational) of each component of the gas are in
equilibrium.

The co,nsezvation equations are presented here in the form used in the

present analysis. :; _
= z

"For each component of the gas the continuity equation is _,

"5 ¢

o

Where t!.eaxial coordinate (x) has been normalized with the throat radius. <

Summing over all components of the mixtu_-e, the overall continuity

equation is obtained

_-(pVa): o (;-z)
v

By Use of the above equation, Equation (z-i) can be rewritten as

dc i _o.r_• 1

d-'_-: ----Or (Z-3)

.j

The momentum equation isJ

dV dP

vV _- +_.-= 0 , (Z-4)

! , . _- 9 .J J

%r

_2

• ,J
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J
The energy equation is

1 vz (z-s)h+_. =H c

where "

n

h = -__. c.h. (Z-5aj"
i=l 1 1

and

T C ,dT +'h. (2-5b)
: hi = " pl -:: ,_1o

For each component of the e_;t_ , cJ:e..:_:_aa_icn of state, is

, o iz:6), : p. = 9iRiT

, -(,_

Sttmm_ng over all Components of the=mixture, _.1_',,:_ :erali equatidn of-:

- state is obtained ., : _ :,
_ - o

') • ,, ':L,

_- P = pRT 12r71';

where

R = , c.R_ ° (2-7a)
i--l:

/

Since the expand.don through a nozzle can be specified eli:her by the expah-:

_ion process or by the.nozzle geometry, two forms, of the al_bve equations -

are of interest. "
i

_- If theexpansion process is sp6Cified_and-thePressure is_ known as
t/

_ , a function Of distance through the nozz!, , the above equations become _'

-- dci. . ¢oir _ - ,. .

,j

)

: - C- : i 5
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,_' __dV 1 dP 12-9)
i : •

dx = ;,_ -- p (.".-I0)
"S

_ = _ P dx B T _Z-:l)

while if the nozzle geometry is specified, the above equations become

dc i _i r_

_" = p-"W (Z-12)

]dV da _ A M _V l
= dx (2 - 13) '_

t

d_e"= "i da Mz "
%

v
. . J, .

(:

° " .. E_"da: " '- ., -:{.M" - 1 "
'Jr

whe re "
"3 ,_

• " _n _. u u_ih 1
A'= r* :, ¢_iRLT + _ _

_ 2

.. r* n

_i _iRiT o
,, B .. _ _ ,, (2--17b) -...

L_

"' M _,- --'---" ,. ' ,,,, - _12-t7c1 .

" ¢Z 17d)

• " ,; _ 4-

"'.... 2'3 " "
- ' "'- : ,g- . , -,",,3"_ u:

- _ --," :4",_. ,'r _@.f= ,.

,, '_: ," - . ' : " ' ""; ' ' " " _. " " '- "I, " \'- ,0_
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and

n

C = _ c.C .. (Z-17e)
P i=_l I px

The first set of equations is completely specified at the sonic

point while the second set of equations is singular. Thus, if the expan-

sion through the nozr.le is specified by the pressure distribution, the

equations governing the expansion can be directly integrated through the

sonic point without mathematical difficulty. The expansion from the

chamber through the sonic point is specified by the pressure distribution

in the present program in order to eliminate numerical difficulties at the

sonic point. In the expansion section downstream of the sonic point,

however, the area variation is specified and the second set of equations

is integrated through the supersonic expansion section.

In specifying the nozzle pressure distribution from the chamber

through the sonic point, rather than the known area distribution, a

question naturally arises regarding how accurately the calculation rep-

resents the flow through a specified nozzle geometry. It has been shown

by Bray (3) and others that the pressure di#tribution through a nozzle is

essentially identical with the equilibrium pressure distribution up to the

freeze point which generally occurs downstream of the throat (or sonic

point). Thus, the difference in the expansion and predicted perfortnance

caused by util%zing the equilibrium pressure distribution rather than the

nozzle geometry to specify the expansion from the chamber to the sonic

point is negligible. If a case does arlse in which the equilibrium pres-

sure distribution is not an adequate representation of the expansion, the

pressure distribution can be iterated to obtain the correct pressure

distribution. Experience has shown that this is rarely if ever required,

however.

Assuaning that equilibrium conditions exist in the combustion

chamber, the present program has been written to calculate the non- ...-

equilibrium nozzle expansion of propellant exhaust mixtures containing

the six elements: carbon, hydrogen, oxygen, nitrogen, fluorine and chorine.

Z-4
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Gold (4) has established that the 18 species and 39 chemical reactions

(12 dissociation-recombination reactions and 27 binary exchange reactions)

given in Tables 2-1 and 2-2 need to be considered in calculating the non-

equilibriun-, nozzle expansions of propellant exhaust mixtures containing

the above six elements. Considering these species and chemical reacticns,

the net species production rates (c0i) for each species considered by the

program are:

For CO 2,

¢_1 -4"'011 9z EX 1_= 1 "r XI3 + X14 - XI8 - X 2 (2-18)

For HzO,

_Z "18"016pZ LX I_= Z + XI5 + XI6 +xI7 - X3 (2-19)

For CO,

28 011 92 IX (2-20)= " 1 " X3 + XI3 + XI4 - 2X18 - X19w 3

- X?0 - XZl - X22 ]

For C12,

c04 = -70. 914 92 IX4 - X23 -X24] (2-21)

For F 2,

_5 = -38.000 92 IX 5 - X27 - X29 ] (2-22)

For HC1,

_6: -_6._6.__ Ix6- x,_+x_ +,.x_+_- _6- x_d
(2-23)

2-5
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I X able 2-1. Chemical Species Considered in the Program

Species Chemical
Number ,Species

1 CO 2

2 H20
3 CO

4 Cl2

5 F 2
6 He1

7 HF

8 H2

9 N 2
I0 NO

11 OH

12 02
13 G

14 C1

15 F

16 H

17 N

18 O

Z-6
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Table Z-Z, Chemical Reaction Considered in the Program

Reaction Reaction
Number Chemical _.eaction Number Chemical Reaction

I CO z +M:.-_-_CO + O +M Zl CO + NO--CO z + N

Z HzO + M.,_---OH + H + Iv[ ZZ CO + O.._--_C + O z

3 CO + M _,_ C + O + M Z3 HCI + CI-,-_--_H+ Gl z

4 C1 z + M_'_ ZCI +M 24 HCf + HCI _ H 2 + C1 g

5 F Z + M _-_ZF + M Z5 HCI + O _--Ol-I + CI

6 HCf + M_---H + Cl + M Z6 HE + CI_----.HCI + F

7 HF + M_H +F +M 27 HF +F_--H +F
g

8 H g _- M _:_2H + M 28 HF + H.,,_--_ H Z + F

9 N 2 +M_2N+M Z9 I-IF +HF_H 2 +F z

I0 NO + IV[-,---_ N + O + IV[ 30 I-I.F+ O-,-_--_OH + F

L"

11 OH+M-,---_O+H+M 31 HF+OH_--_HzO+F .::..:-:.-:_.
i

12 Oz +M_-,_---20+IVI 3Z H2 +CI.,_---_HCI+H --

13 COg +H_---_CO +OH 33 H Z + O_OH +H

14 (302 + O-,-_--_GO + O z 34 H z + O2_----_2OH

15 H20 + CI_--- OH + HCf 35 N 2 + O _NO + N

16 HzO + I!_---OH + H 2 36 N 2 + O2_2NO ,

17 H20 + O-_----ZOH 37 NO + H _--_N + OH

18 CO + CO-_--_CO z + C 38 NO + O_:_ N + O z

19 CO+H_C +OH 39 O z +H_OH+O

Z0 CO + N_G + NO

7.-7
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For HF,

_7 -zo.oo8pzix7+Xz6+Xz7+Xz8+ZXz9+x3°+x3_
= (z-z4)

For H Z,

= -Z.016 PZ_ X -X -XZ4" XZ8" Xzg+X3z+ X33+ X34_8 16 (z-z3)
_8

For N z,
(Z-Z6)

= _zs. o16 pz _9 + x35 + x36-Ju9

For NO,

+X +X 8_

= _io "Xzo xzl (z-zT)_°I0 .30,008 pZ + . X35 - ZX36 37 3

For OH,

_II 17.008 pZ _X - X + + + + ZX + X +
= Z II El5 XI5 XI6 17 19 XZ5

+ X3o - x31 + x33 + zx3_, + x37 + x39_(z-z8)

, For O z, 93

-3Z 000 pZ _XIZ _ X14 - XZZ + X34 + X36 " x38 + x3
= . (Z-Zc

Z-8
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For C,

_13 = IZ.011 p2 EX 3 + Xl 8 + Xl 9 + Xz 0 + XZZ_ (2-30}

For CI,

_14=35.457z _x4+x6_x_- x_3+xzs-x_6-x_] c_-31_

For F,

_15=:_9.ooopz_x5+x_+Xz6-xz_+Xz8+X_o+x_] (_-3z_

For H,

_o16 = 1,008 pg[Xz +x6 +x7 + ZX8 + X!l - X13 - X16 - X19 +x23

+ Xz7 - Xz8 + X3z + x53 -x37 -x39]
(z-33)

For N,

_17 = 14. 008 @Z _Xg+ Xl0 _ XZ0 + Xzl + X35 + X37 +'X38_
(z..34)

For O,

_X

X 3 ZXIz16. 000 pP + + X + X +1 I0 II - XI4 - X17 - "'2.Z_°18

- X30 - X33 - X35 - X58 + X397Xz5

(z-35)

Z-9
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where the net production rate for each reaction (Xj) considered by the
program is:

_eaction I, (302 + M ___ GO + O + M

_1 lCl - PC3C 1 Mlk I (2-36)

Reaction 2, H20 + M_---OH + H + M

X 2 = [Kzc 2 - PCllClJ Mzk z (2-37)

Reaction 3, GO + M_C + O + M

X 3 = [K3c 3 - PC12C18]M3k 3 ,2-38)

Reaction 4, C12 + M_ZCI + M

Z

_ X4 = _K4c 4 - Pc14_M4k4 (2-39)

Reaction 5, F 2 + M_- ZF + M

X5 = [K5c5 - Pc_5]M5k 5 (Z-40)

Reaction 6, HCf + M_H + Cl + M

X6 = _6c6-PCl4Cl6]M6k6 (2-41)

Reaction 7, HF + M _ H + F + M

X 7 = EK7c7 - Pc15c16_ M7k 7 (2--42)

%

Reaction 8, H z + M_2H + M

Z

J

2-I0
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.Reaction 9, N2 + M_ 2N +M

Xc) = EKc)cc) - 9c27]Mgkc)l (2-44)

Reaction 10, NO +M_N +0 + M

XI0 = [Kc)Cl0 -9c17c18 ] M10kl0 (2-45)

Reaction 11, OH + M_--- 0 +H + M

XII = [KllCl]- 9Cl6Cl8]lV/.llkll (2-46)

Reaction 1Z, 02 + M_-_ZO + M

VK 2-8] M (2-47)
X12 = 12c12 - pc 1 1zklz

Reaction 13, CO 2 + H_--_CO + OH

XI3 = LK13ClCl6-c3c11_1k13 (2-48)._.,

Reaction j14, CO 2 + O_CO + O 2 -.

Reaction 15, H20 + CI_HCI + OH

XI5 = [K15c2c14 -c6c11]k15 _ _ (2-50)

Reaction 16, H20 + H .,._---_,I-I2 + OH
.f

Reaction.17, HzO + O_ 2OH . -

_ X17 = 17c2c18 - c I .- _ _ 12-5Z1_

tJ

2-11 -

d -_ ,
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Reaction 18, 2CO_ CO 2 + C

X18 = 18c3 - tic 1 k18 (2-53)

Reaction 19, CO + H_OH + C

El9 = EK19c3c16 CllC137klg_a (2-54}

Reaction 20, CO +N_NO + C

X20 = EK20c3c17 - CloCi3] k20 (2-55)

Reaction 21, CO + NO-_----CO2 + N ..

X21 = [K21c3c10-ClC17]k2i' (Z-5o)

Reaction ZZ, CO + O._--r Oz +C
e

D
it

Reaction 23, HCl 4-CLOG12 +H "

Reaction 24, 2HCl _---Cl 2 +_H2

. -p

f

_
Reaction 25, I-iC1 + O._--.OH + C1

L ,j _.

Reaction 26, HF_+ Ci _HCl + IP ':

,)

d
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Reaction 27, HF + F_1;'2, + H

X27 = EK27c7c15 - c5c1_ 7 k27 (2-62)

Reaction 28, HF + H _ H 2 + F

X28 = [K28c7c16 -c8c153k28 (2-63)

Reaction 29, 2HF _--F 2 + H 2

X29 = IK29c7z - c5c8]k29 (2-64)

Reaction 30, HF + O_OH + F

: [_Z oC O,-,  ic15]k0

Reaction 31, HF "+OH _---H,20 + F _-

X.31 = 31C7Cli - c2c I k31 . (2-66)

u

Reaction B2, H 2+ CI_HCI:. +H ., "
"• u

- ,j

ReacI:ibn 33,- H 2 + 121_---.OI-I + H
,, .t

[Ki3c 8'C18., i6 3 "
X33-= - CllC k33 " ,12268)

Reacticr, 34, H 2 + 0 2 _ 2OH

X34_- 4c8 c12 " I k34 , . :, (2-69).

Reaction 35, N2 + O.= NO + N . ..... )

_ :_ X_,s: -3sc is - CloCl 5-.... (z-'zo)::.::_•
4 . i* , ' '

1

2, ,.

u u _,

'_ .. " 2- 1.3 .,_ "
f

¢

%
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Reaction 36, N 2 + Og_2NO

X36 = 36c9c12 - c I k36 {Z-TI)

Reaction 37, NO + H_OH + N

X37 - rK37c10c161_ - c11c17] k37 (2-72)

Reaction 38, NO + O _O 2 + N

X38 = [K38c10c18- c12c17]k38 (2-73)

Reaction 39, 0 2 + H_CH + O

,, X39 = _K39ClgC16 - CliC18_k39.• (2-74)

_" • The dissociation-recombinati,on reactions have a distinct, reaction

rate associated with each third body.° Benson and Fueno (5) have shown ,_

; _,,_ _,,_ _y,.._,,. ...... dependence of recombination rates is approximately

T -I independent Of the third body. Thus the rates associated with each ,_
G

third body can be considered by calculating the third body term (Mj) as

18

• M. = Z m..c. (Z-VS)
J i=l j,i z

• ,j

where m.. is the ratio of the recombination rate associated with the ith
J,£

species (tlRrd body) and th_ _recombinatien rat_v(kj) associated with the
reference species (third body) in th.-calculation.

In summary, assuming that equi'librium conditions exist in the

chamber, the_,progrz_m calculates the nonequiiibrium expansion of pro-

pellant exhaust mixtures containing the six elements: carF._n, hydrogen,
t

oxygen,_ nitrogen, fluorine and chlorine. The 18 Species and 39 chemical
L,

r eact ions (1Z dissociation- rec ombination reactions and 27 binary exchange

,, reactions) given in Tables 2-I and2-2 are.,considered inthe nonequilibruimC
'exparfsion calculation. The,expansionprocess from 1;he chamber through

the_,throat.is specified;by the pressui-e, distribution through the nozzle and

the set Of_ec_]_ations : _ - _

1966011697-021



dc. _, :;,=*
1 1 i = 1 2 .'. 18 (2-8)_"= o'--_ ' ' ' ' "i

dV 1 dP
-_ = pV dx (Z-9)

: _ - p _(2-Io)

dT E_I-dP B_ T"- P dx (Z-ll)

are integrated from the chamber through the sonic point. In the expansion

section downstream of the sonic point, the area variation is specified and

the set of equations
,>

:. dc.., _ir* "

-_- : p-W- ':. i..= 1, 2, ..-, !8. (Z-JLZ)
r -

_da A : ,. -,(2-13) .
/_v o "X:_v

--= a
% 5

'. : dp da :.. M z ' ' "- p -(zI
ax dx i 7- :.......:.....

dT da M 2 " _; :
_ -- "r (2-151

dx : - dx 1 '

dP _ " ''" / " °
,, dx. = " dx" N ,;, ..... ,, _,

are integrated to the nozzle exit. '_ :, - ' ;
b

The above equations are allof the fo_-m _:_ _, _ ' r,, _ .' _ % ," ,

...... /)Z'
p .

dYi, _ _ -:
•.,,_- = fi(X , y., " , yn ) ,.:i = l,._Z ..... ', n 1Z-76)., ".i,-:;:.,:<.-,

. - The numerical methc,d used.inthe program to inte£rate these equational: .._::i,.:.i:.i'_

is described in detailiriSection 3. All calculationsperformed in the -i:_ " ..::L;,i:._.:

Og • ....:%:::pr ra_ are described i,n S ction 4. -
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3. NUMERICAL INTEGRATION METHOD

It has been shown by Tyson (6) that in the numerical integration of

relaxation equations in near equilibrium flow regions (such as the chamber

and nozzle inlet in rocket engines), explicit integration methods are un-

stable unless the integration step size is of the order of the characteristic

relaxation distance of the relaxation equations. Since the characteristic

relaxation distance ._s orders of magnitude smaller than the characteristic

physical dimensions of the system of interest (such as the nozzle throat

diameter and length) in near equilibrium flow regions, the use of explicit

methods to integrate relaxation equations in these regions renuit_ in ex-

cessively long computation times. Implicit integration methods were

sl- ,n to be inherently stable in integrating relaxation equations in all

flow situations (whether near equilibrium or frozen) and can tbus be used

to integrate with step sizes of th ,_ order of the physical dimensions of the

system of interest throughout the integration reducing the computation

time per case several orders of magnitude. Sinc? it has been demon-

strated that there are significant advantages in using implicit rather than

explicit integration methods for integrating relaxation equations, a second

order implicit .;.ntegration method has been chosen for use in TRW/NASA

One-Dirnensional Nonequilibrium Performance Programs.

3. 1 STABILITY CONSIDERATIONS

The numerical considerations leading to the above conclusions can

be iiiustrated by considering the simple relay.ation equation

ely _ Y - Ye
dx T (3-1)

which represents the relaxation toward equilibrium of chemical reactions,

gas particle lags, etc. I.a this equation, Ye is the equilibrium condition

and r is the characteristic relaxation distance of the equation. In the

equilibrium limit, r is very small compared to the physical dimensions of

the system of interest while in the frozen limit, T, iS very large compared

to the physical dimensions of the system of interest. The mathematical

p

3-1
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behavior of solutions to the above equation can be found by considering

the simple case where T is constant _nd

Ye = Yeo + a(x - Xo) (3-2)

which is equivalent to terminating the Taylor series for Ye after the first

term. The exact solution of Equation (3-1)for this case can be shown to be

where y(x o) is the initial value of _ and h is the integration step.

it is seen that the solution consists of two parts, a term which varies

slowly with x and a term which exponentially decays with a relaxation

length of -r, the characteristic relaxation length of Equation (3-1). Thus

after a few relaxation lengths

y(x)C_Yeo + ah, ha-_.7 (3-4)

which is independent of Y(Xo} the initialcondition. Since explicitintegra-

tionmethods construct the solutionof Equation (3-l)as a Taylor seriesabout

the initial condition _-(Xo}, the above example indicates that explicit inte-
gration methods should be limited to step sizes of the order of a few relaxa-

tion lengths.

That this is indeed the case can oe shown by explicitly integrating

Equation (3-1} using Euler's method. The explicit finite difference form

of Equation (3-1) is then

y(x ° + h) - y(x o) Y(Xo) " Yeo
- (3-5)h T

which yields the truncated Taylor series

y(x o + hi = ylx o) 1 - + Yeo "_ 13-6)

when solved for y(x° + h). After n integrationsteps, itis found that

e

3-Z
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!
y(x ° + nh) = • x ) - + + (i - 1) a - --Y( o L "=t eo v

Examination of this equation shows that the dependence on the initial condi-

tion y(x o) will decay only if I _, - h/Tl'_ 1, otherwise v(x. o + nh) will oscillate

with rapidly increasing amplitude. Hence the calculation will be stable

only if h/v "=Z. Similar results are obtained for other explicit integration

methods. (The stable step size for Runge-Kutta integrat':ons is h/T _ 5. 6_)

Thus the stable step size for explicit integration of relaxation equations is

of the order of the relaxation distance which explains the large computation

times associated with _xplicit integration of relaxation equations in near

equilibrium flow regions. As shown below, the use of implicit integration

methods allows the integration of relaxation equations on a step size which

is independent of the relaxation length.

Implicitly integrating Equation (3-1) using Euler's method, the finite

difference form of Equation (3-1) is

y(x° +h) - y(xo) y(x° +h) - Yeo - ah
- (3-8)h T

which yields

Y(Xo) + (Yeo + ah)hT
y(x ° + b) - h (3-9)I+--

T

when solved for y(x ° + h). After n integration steps it is found that

v{x ) n + iah

-- n .=1 n+l-i "_ (3-I0)
+ +

Examination of this equation shows th'_t the dependence on the initial con-

dition y(x o) always decays, regardle" 3 of the step size. Hence the im-

plicit calculation will always be stable. As an extreme example, consider

one integration step, h = x - x . From Equation (3-9), it is seen that
,,_ O

--:" y(x),'_ Yeo + ah , h_T (3-11)

3-3
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when the step size is large compared to the relaxation length and

y(x ° ( n) h + h -c_,- (3-1Z)y(x) = ) 1 - + YeoT ' o

when the step size is small compared to the relaxation length.

It is seen that in the equilibrium limit (T small, h/T large) the

exact solution and the implicit integration of the relaxation equation go

to the same linlit which is independent of the relaxation distance and de-

pends only on the rate of change of the equilibrium condition. In the

frozen case (T large and hit small) the implicit and explicit methods

are essentially the same {terminated Taylor series). Thus, implicit

numerical integration methods can be used to integrate relaxation equa-

tions using step sizes of the order of the physicai dimensions of the sys-

tem of interest in all flow situations whether near equilibrium or near

frozen. For a complete discussion of the numerical integration of relaxa-

tion equations, the reader is referred to Reference (6).

In choosing a numerical integration method, the primary items of

concern are the stability, accuracy and simplicity of the method. As

sho_na by Tyson { I) and discussed above, implicit methods are to be pre-

ferred for numerically integrating relaxation equations due to their inher-

ent stability. Having chosen the basic integration method for stability

reasons, the order of the integ -ation method is determined by accuracy

and simplicity considerations. In general, the higher the order of the

integration method, the more corrlplex the method becomes requiring

more information in the form of past values or past derivatives of the

function being integrated. Second order methods {accurate to h 2 with

error of order h 3) have the advantage of simplicity and flexibility since

they do not require past values o5 the function or its derivatives while

retaining sufficient accuracy to allow the use of reasonably economical

step sizes. It is also desired to use this numerical integration method in

characteristic me_ h calculations which are inherently limited to second

order accuracy. For these reasons, a second order implicit numerical

integration method derived below was chosen for use in the TRW/NASA

One-Dimensional Nonequilibrium Performance Programs. A complete

derivation of this numerical integration method is given in the following

section.

3-4
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3.Z DERIVATION OF NUMERICAL INteGRATION METHOD

Consider the coupled set of first order si._ultaneous differential

equations.

dY i
dx - fi (x,_-i, "'" ' YN ) ' i -- I,Z, ... , N (3-13)

It will be assumed that the equations are not singular and that a solution

exists which may be developed as a Taylor series about the forward point

dI hdy 3d,i ,:Ix +h x +h +h x +h
n n n n

where k i is the increment in Yi and h is sufficiently small. The first two

coefficients of the Taylor series may be calculated as

dYi
dx - fi (x' yl' "'" ' Yn) (3-15)

Z N
d Yi

j=l J J
where

f._. = fi(x,Y, "'" , yN ) (3-17a)

_f.
1

ai.= -_-_- (3-17b)

Of.
1

= _ (3- 17C)
@i,j 0yj

These coefficients must be evaluated implicitly by iteration since they are

functions of the unknowns, Yi(Xn+h}. Expanding them as a Taylor series

about the point x n it is found that as a first approximately

3-5
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dYi] (P) N k (P) + O(hz) (3-1B)
dxl =f" + + _ _i,j,n jl,n ai,nh .=

ix +h j I
n

dZYi + _i,j,n + aj nh + _j, + 0(h)(3-19)
= ai,n j= i n ,_--_[x +h ' ,=1

n

where the subscript n refers to the functions f., a. and _i, evaluated at1 1 j

the point x and k. (P) is the predicted value of the increment k.. Substitut-n 1 1

ing the predicted derivatives into Equation (3-14) yields the predictor

equation

h 2 N f,, {p) h 2 h 3

k. (P) ---f. h + -- + "'i_" _i, _n_j - f. --- a. --
z 1,n ai,n 2 j,n j,n 2 2

j= j,n

N kl(p ) __2/ d3yi h 3

+ + E(h 3) + .... (3-Z0)
- Z _j,.t,n -_ T

x +h
n

where the error term E(h 3) of order h 3 has been introduced through the
F

use of the predicted derivatives at the forward point LEquations (3-18)

and (3-19)I. Neglecting the third order error and derivative terms and

solving the set of N linear nonhomogeneous algebraic equations-

" _i,i,n h + _Zi, i,n k!P}'i- - j-i( ! - 5ij)_i' j'n - i- _i,j,n kj

( " t- + a. nh) (3-21)= I - Pi,i,n {fi, + a. h) h - _ (I 5ij)_i,j n(fj,n i,
n I, j=/ . , ._

where 6.. is the.Kronecker delta thus yields a second order implicit solution
ij

of the above coupled set of first order simultaneous differential equations.

3-6
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By using the predicted increments k. (P) and iterating once, the error1

term E(h 3) may be eliminated and the absolute error in the integration

estin_ated. The corrected estimates for the first two terrr,.s in the Taylor

series expansion are

dYi C) k.(P)l+ 0(h 6) (3-22)

[Xn+ h = fi, n+ 1 + j=l _i,j,n+l 3 A

"--"_1 =a. + [_i, + C) k P__ _,_+i _ j,n+i,,+i Pj,_,n+1 - +Oth3_j=ix +h _=1
n

(3-z3)

where the subscript n+l refers to the functions fi, xi and _i,j evaluated

at the point Xn+h using the predicted increments ki (P} and k_(C} is the: cor-

rected value of the increment k i. Substituting the corrected derivatives

•into Equation (3-14) yields the corrector equation

h 2 _ C) V h 2 "kiC)( = f. h + - -1, n+ 1 - ai, n+ i -Z- _i,
: j=l j, n+l n+l -2-

N: [k,( PI_--_} " yd3Yi +h h3
-_-_ - --,--+.... I3-z4}_j _ n+i c) k_( +, ,

The error term E(h 3) is eliminated in the Taylor series expansion through

use of the corrected derivat.ives: Thus, solving the set of N-linear non-

homogeneous algebraic equations

3

%
2
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- _i' i' n H�h"_h2"2--)k_C)""j = i=i•;,i,n+i {i'6ij)Pi, j,n+ i " I _i,j,n+i

h) f N h 2 h 2= i-_i,i,n+t _ i,n+i h- Z (l-6ij)_i,j,n+ I fj n+i_- - a. --
j=l , i,n+l 2.

N -Ii N h) k{P) h (B-2_)
- Z _i,j n+l - Z _i,j,n+i "j=i ' i=i J

yields a corrected second order soIution of the above coupled set of first

order simultaneous differential equations,

The error associated with the integrationis

k(C) dByi[ h3

....: " x +h _ :

which can be written as

_ _ klC) I ' h 3

ki i = hL _--_] _ -'6" �....Xn+h x n "
t

- + Pi, _ n j--i j n+t --if- (3-27),n j=l j,n , - i,n+l �_i,, . fj,n+

to order h3o Thus, if it is desired to control the absolute fractional inte-

gration error ,.

_ " I" -k'_c)' "
• kik.(C)

.2 J .

" to within 5 i, then th_..integration step size_must satisfy the criteria _'

,3

_J

;/

"_ 3-8....
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h= ----- (3-ZS)

ai, + _i,j, fj, " i, n+l + Pi, f"
n j=i n n j=l j,n+l 3,n+

i

In summary, solution of the predictor-corrector equa.tions

(l-_i,i,n "Z-'/ _ N _ N hlk(p)
h+_ z hZ'h " Z (1-6ij)_i,j, n - I_"_i,'-" ,j,n j"

i'i'n-] k-i_) j=l i=l

l _I N hZh + nh)h- E (l-6ij)_i,j,n(fj +a. h) (3-29)= " _i,i,n; (fi,n ai, n I,n "?-?-
j=t

_-_i,i,n+lh+_ 2 h2_k(C)- _ , / 1 N h_k(C) hi, i, n+i"Z'-/ i j__i(i-Sijifli, j n+l -,"_t _li, j,n+"2 7,:j.:

" -_i,i;n+i i,n+l h- E (I -- ,,
j=i -6ij)_li, j,n+t fj, n+l-2-- - ai, n+l Z ,._,

N N k. (P) h (3-30)
" Z _i,j,n+l - E [3i, j n+i
j=l i=l ' J '_=

0

yields a.second order implicitsolution of the coupled set of first order

simultaneous differential equations

dy i

_- = fi (x'yl' "'" ' YN ) "' i = I,Z,... , N (3-31)

"r/

._ with a fractional incremental error of
_J

/

- a + _li, j,n. j,n ,n ¼�i,j,ni.-- j)n+6i k i ,.. j=.. - j=_,:i .
: ,_-Fel i,n f. - + 13-3z)

'l t

• , +
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Inversion of the error equation allows the determination of maximum

allowable step size

m

66.k(ci i/z
1 1

. (o i+ _1 _i, fj, - 'Bi, j,n+t j,n+ai, n j, n n i, n+l + fj= . j-

which will maintain the incremental error per step within specified limits.

0

,/

_5

- , j .... o
_ -J . -

• 7 j

- , . . , . ,j

--:-'....._ 3_.10- " --- " " "

......... -J ,, ,, . . . , , , '/ ,
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t 4. PROGRAM SUBROUTINES

The program internally calculates in engineering units (lbm, ft,

sec, OR) where the poundal has been chosen as the unit of force in order

to eliminate conversion constants in the calculations.

The engineering nomenclature used in derivin Z the conservatio,_

equations (described in Section 2) and the integration method (described

in Section 3) has been retained in specifying the program subroutines so

that all caicuiation_ p=,._ormeg _._ the program can be readily related to

the equations being solved. The program has been organized into seven

subroutines to separate logically independent calculations in order to

facilitate programming and program checkout. The logical and calcula-

tional functions are rurnmarized below:

....._ • The Input Subroutine (described in Section 4.1) processes the
:input data, converts the data to the proper units, stores the
converted data and calculates those quantities required during

: the nozzle integratz_.
SJ

_ - • The Derivative Evaluation Subroutine (described in _ection 4.2)
calcu!ates the derivatives and parti_al derivatives of the chem-

,, ical relaxation equations and the fluid dynamic equations
" which are :used in the ;.ntegration Subroutine./

L ')

' _ : • _Thd-'Integration Subroutine (described in Section 4.3) integrates
" ,,, thechemicalrelaxation equations and the fiuia dynamic equa-

l, tions using the second orde_ irnp!iclt integration method
derived in Section 3. ,,

: • T.he species Thermal Function Subroutine (described in Sec-
tion 4.4) calculates the required species thermal functions
from - the input thermodynamic data.

., • The Equilibrium Function Subroutine (described in Section 4.5)
-,, _ calculates the-r'equired"equi!ibrium function for the dissociation-

recombination reactions. :

• ' The ,Gas Thermal Function Subroutine (described in Section 4.6)

:_ : calculates the required gas mixture thermal ProPerties.
U

• Tho Output Subroutine (described in Section 4.7) processes

-: .... _ :..... - " tl_e _outpu_t data, converts the- data to:theproper units and '
calculates the requi_'ed Qutput quantities. '

,_ A detailed descriptio n Of the calculations per,fgrmp.d in these sub-

"_ ,_ routines is given in the following sectiona. J

" L
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4. 1 INPUT SUBROUTINE

This subroutine processes the input data, converts the data to the

proper units, stores the converted data and calculates those quantitie=

required during the nozzle integration. There calculations are perfcrmed

in the following order:

• The specie)_ gas constants are calculated

• The species thermal functions are input, converted frown
chemists _ units to the units in which the program computes,
and stored

• The temperature derivatives of the species thermal functions
are calculated and stored

• The heat of reaction for each of the recombination reactions
is calculated

• T_ e reaction rates are input, converted fronl chemis_,s '
traits to the units in which the program computes, and

_ stored
�O

• The ca_e data are input and those quantities required
during the nozzle integration are calculated

_

_ The calculations performed by this subreatine are described in the >
'2

following sections.

4. !.I Species Gas Constant Calculation

_The species gxs constants are calcalated from the following
_k = 'J

_ relationships:

Ri = 11_9.74 R = 1656.9Z

_ = 2923; 39R 2 = 2759.82 RII
N
0!

_' R 3 R 12 " -,_ = 1775, 05 = 1553.78

R 4 = 701. 15 R13 = 4139.62!
:R 5 = 1308.45 R_ 4 = 1402.29 _ _ "

R 6 9 _ _'= 1363.53 RI 5 = 2616,8 . _

R7 = 2485.06 _ g16 = 493Z6.4 : . ,

R 8 = _ 466 _ , _ ]_ R 17 = _ _49. 47 _1 1

RI 8R 9 1774. 74 = 3:107.56 :"

c . , -- -. -(.
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D 4. 1. ?. Species Thermal Functions In_.ut and Conversion

The species thermal functions tabulated at !00°K temperature

increments between 100°K and 5000°K in the 3ANAF thermochernic_tl

tables are input and converted to a set of tables in the required units

which include the enthalpy of formation. Using the JANAF nomenclature,

the converted tables are calculated from

fo:o000 o]_ ( _)
F.- t 298 + o 18

1 1. 98726 - _ , i = 1,2,---,
i

/

+°4o i

Ro

_ 1 c°l , i = i,Z,"" , 18
Cpi 1. 9872_" P Ii

and stored as functions of temperature at 180°R temperature increments

D between 180°R and 9000°R.

4. 1.3 Species..Thermal Function Temperature Deriv_ttive Calculation

At each temperature between 180°R and 9000°R, the species thermal

function temperature derivatives are calculated from

+ lo]dT_ 180 = _ pi 540 pi 360 pi i8

- Cpi , 360 __ T -4 8820d-_T_ T - 3-_0 pi T+IS0 T°18

= C . , 360 _T-.8820
I... T+IS0 T T-t8
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dciLEl  %il1d--_ 9000 = 3-'65 Cpi 9000 pi 8820 8640

d2C i I I r" i I= - 2C +C 18640_"6_ LCpii9000 pi 8820 pid'_T 1 9000

dhl t* = Cpid-'T-T T

"_'T-TdF"I* _ F" - h"lIT I T

dT-_'L'Z-IT T

and stored with _.hespecies thermal functions.

4. I.4 Heat of Reaction Calculation

The heat of reaction for each of the recombination reactions is

calculatedfrom the following relationships:

F,3+ AHF, 18 , I

[_ o _ 2]AH 2 = 905.770 , II + AHF, 16 ,

4-4
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oH,]

,,.J

[._ o]AH 9 = 905. 770 AH ,17- AHp,,9

[.o _ _01'- AHi0 = 905. 770 HF, 17 + AH , 18 - AH , t

4. I.5 Reaction Rate Input and Conversion

The reaction rate parameters a., n. and b. are input and converted
3 3 3

to the required units. (Since the reaction rate parameter nj is a dimen-

sionless temperature exponent, itdoes not require conversion.} The

converted reaction rate parameters are calculated from the following

relationships:

~_

4-5
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b. = q05.770 b.' , j = 1, Z,.," :39
3 J

-6{ nta 1 = 0.59305 • 10 1.8) a l'

n2
a 2 = O. 15503 • 10"4(1.8) a 2'

n 3

a 3 = O. 13830" 10-5(t. 8) a 3'

10-6( n4 ,
a 4 = 0.21140 • 1.8) a 4

n 5
a 5 = O. 73626" 10-6{1.8) a 5'

n6 ,
a6 = O. 74366 • 10-5(1.8) a 6

n 7
a 7 = O. 13878" 10°4(1.8) a 7'

n 8
a8 - o. 26158- 1o"3(1.8) %'

n 9
a 9 -- o. 1354s- t0-5(1.8) a9' _

-5(1 nlO
alo = v. [1859" 10 .8) a!l 0

nll
= O. t6480 • tO-4(t.8) a'ilall

a12 = O. 10382" 10-5(1.8) hi2 aS12

n13

a13 = 0.55790" 10-6(io8) a_3

a14 0.29652" 10-6(t.8) n14a'= 14

4-6
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n

_ a.15 0.42856 • 10-6(1 8) l_5 _ '= " 15

a16 = 0.77517 - jC-5(L8) n16 a'-- l i 6

a17 = 0.91882 • 10-6(I. 8)n17 a_7

a18 = 0.50280 • 10-6(1,8)n18 _'"18

a19 0 13011 10-5(1.8) n19= . • a19
!

azo O. 73743 10"6(I,8)n20= • azo
I

azl = 0_43112 • I0-6(1.8)nzl a_l

aZZ 0.69153 10"6(I 8)nzz '= • . azz

az3 = 0.37183 • 10-5(1.8) nz3 a_ 3

az4 = O. 18592 • I0-5(!. 8)nz4 a_4

az5 = O.44074 • 10-6(i. 8)nz5 a_5
2

aZ6 = 0.38363 " 10-6(1.8) nz6 a_6

az7 = 0.69389" 10-5(1.8) nz7 a_7

az8 = O.69389 • I0-5(I.8)nz8 a_8

t az9 = 0.34695" i0"5(I.8)nz9 a_9

-j

4--7.........
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n 3

a30 - 0.82249 • !0-611.8) Oa_ 0

- 61 n31
_;:; a3 t = O. 77647 tO t. 8) ak,,.1
"_,

5 -5 n32
:_ = 0,72310 • 10 11 8) '
._ a32 • a32

i_ 10-41= 0 15503 " 1.8) n33 " '
:_ a33 " "33

_ 6( n3
?!} a34 : 0.91882" 10- I 8) 4a," 34

_ a35 0.63230 • 10-61i. 81n35 '
_ = a35

:_ a36 = 0.29516 • 10-61f.8) n36 '

; : a37 = O. 11156 • 10-51t.8) n37 a_7

-_ i0_6 n3
:i _ a38 : 0.59294" 11 8) 8 ,. a38

: 6(
: a39 = 0.97671" 10- 1 8) n39 a' :! " 39

z

The reaction rate parameters mi ' j are input and converted to the

required units. The converted reaction rate parameters are calculated

from the following relationships:

m 1
.-_ ', j = 1,2,'-', 18m, )

3, I 44.011

7

m'-

= j;z j= i,z,...,18. 016 'i rnj ,2

m!
= _,3 j=1,2,...,18

:t_ mj, 3 2,8.011 '

4.;8 "
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|

rnj' 4 = "_ ' J = _, 2," "o 18

m:

%5 =3 8.o5o " J= " . , 18
n_'.

mJ,6= 3--6_5 , J= 1,2,...18

rnI

rn! ...

raJ' 8 = "2"_018 " ' = 1, 2, . . . ,1-8

n','

rnj,9 = '_ , +j:.1,2 .., j8t

rn:

rnj, iO = _

rnj , 11 = --"ILI _
• •

rn'

n_j, 12 = -_.,h 12 - _
32L7_'0"6 , j = i, 2; .... ,18

n_' :-

_j,l_ = 12.0_I , j = 1,2,. ,18: • 5

,D _j
y J"

rn. _. rn_
J, 14 ' j = I, 2, , 18,, I ,D _

" rn_

mJ'15 = T_F_"
.... J = 2, ..., 18

rig:

n'_.j_16 = ', 16 + ,'
- _+' J- _,2,...,18

': 5 -/_ - ............ T

,+, - + +--++.+

+ + +. ++

+

+- /

j • +



m!
= . J,i7m. j= l,Z,... 18j,17 14.008 '

r

m I
•:. j,18IT1. -
,. j, I8 16.000 ' j -- 1,Z,,.., 18

: 4. i. 6 Case Data Input and Cor..version

The case data are input and the chamber pressure, the initial pres-

! sure and the nozzle throat radius _tre converted to the required units

: The converted quantities are calculated from

: P = 4633. 056 P'
• C C

P = 4633. 056 P'

r _! ._
r_ = _

lZ
2

3

: 2

If the initial species concentJ._ation_ are .input asmole fractions, the :

required mass fractions are calculated _
-, -_ Q

u. :t_ ,)

c_ :-
... I 1, m

'_ C. - i = i, 2,'--, 18
" 1 ,R. _ P ,_,

1 C
5

c

where ,:

18 c!
o _ : --- _-A"_ 1p m

c : L R-'-T- ,-'
i:- 1 z

t

Thecase data are output, to supply a permanent case recordwith the nozzle

integrationresults. = "
: J

)
.; =. ,

d
Q.,

q

4-10 _._
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4. Z DERIVATIVE EVALUATION SUBROUTINE

Given the flow properties at a point, this subroutine calculates the

derivatives (fi)and partial derivatives (ai and _i,j) _f the chemical relaxa-
tions equations and the fluid dynamic equations. These calculations are

performed in the following order:

I The species free energy, enthalpy, heat capacity and
the heat capacity _emperature derivative are calculated
using the Species Thermal FunctiGn Subroutine (described
in Section 4.4).

• The dissociation-recombination reaction equilibrium

constants and their terr,p,_rature derivatives are calculated
using the Equilibrium Function Subroutine (described in
Section 4.5).

• The mixture gas constant, heat capacity, gamma and the
partial derivatives of xamma are calculated using the Gas
Thermal Function Subroutine (described in Section 4. ).

:

i The contribution of the individual reactions to the net
q

species production rate (Xj):and its partial derivativesL

are calculated. : ,_
5

• - The derivatives (fi)and partial-derivatives (ai and _i,j) of
the chemical relaxation equations are calculated•

" • In the subsonic and:transonic nozzle inlet and throat, the

pressure and its derivatives are calculated from the pres-
, sure table by quadratic interpolation.

• In tLe supersonic nozzle expansion cone, the nozzle area
and Mach number and their derivatives are calculated.

'3

• The diabatic heat addition terms coupling the chemical _

relaxation equations and the fluid dynamic equations are _'
calculated :'

• :" L"

• The derivatives (fi)and palatialderivatives (ai and _i,j) of
_: the fluid dynamic equation s ar_ calculated. "

J

A detaileddescription of these calculations_ is given in the following

sections. -'- _ -.,

4. Z. I Calculation of Xj and Its Partial Derivatives o °

'_ For the reactions of interest_ X. andits derivatives are calcu!ated _ .

from the following relationships: " _
" -J kt

.; _ {j • .

411 ' J_
._. -> / >-."

u •/ i}
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/

['

i!< Reaction I, CO 3 + M_,_--CO + O + M

-n i -bl/T
': k I = aIT e

18
-- ,C

M1 .iF1 ml' 1 i

8X 1 X I

" -_'c - M ml j + 51,jKIMi_I- 53,jpClsMlki
j t '

= 818, jpc3Mtk 1 , j-I,Z, .'' , 18

-_p - c3ci8Mik/
c

_Xl- dKi I n _-TI xl
_'_ =_ ClMlkl _T I :+ _ "- - "

• ; %, G r_.

Reaction 2, HzO + M_ OH + H +.. M .. = : <' -,

_:_ : -n 2 --b2/T" ' ,. _,,'
(:k z - -a2T. _, 'e -- :- : "

i

M2-=_g _0_.c.
- i=l _'!:I- -.

-

.... --_xz,j xz ,_ _ _..: ,,_-,, j.... -:. . ,\ <

gc... ._2 m2'j + 52'jK2M;"k_ = 51l"jpci6M2k2 _z-"
J . o

,2

= . _ . .. _' =-816, jpCllMzk2, ..,' j = i,Z, ... ,.18 _. .. ,_
_V

L

- 6"M-2z "-, __ -=_"-CllC I k , ,, > _-
.: . 5 J - ., •

i

, ..... a,xi - ' dZz°[" xz - .- ._ _ =" c_-M2,k2, "_1_'; _" 2 + '"=T==- " -. "

u

- -,: -, " ,i-. 12 '

q
1

,1 _ , N - ' :- -, _, _ , , o_ c • ,- _) z^ _ ,I _, ,. , _5

] 9660] ] 697-044



Reaction 3, CO + M_--C + 0 + M

-n 3 -b3/T
k 3 = a 3 T e

18

M 3 = _ m3, ic
i=I i

0X 3 X3

Ec. - M 3 m3, j + 63 jK3M3k3 " 513 jpClsM3k 3j *

=818,jpc13M3k3 , j = 1,2..,... ,18

OX3 .
gp - c 13 c 18M3k3 -.

0

? ( t _ ""

0X3 dK3 I n _1 X3_ "-_" = c3M3k3 dT 3I+ T
,3

O

o Reaction4, C12 + M_-- 2C! +M

_ -n 4 2b4/T
k 4-'= a4T e _ ,_

M 4 _ m4, icii- 1 ,:
tJ

: x4 --[K4%- p_,J M4k4
tJ

7 , t Z

ax 4 X 4 .... ._

_-_c. _m4, + "J' _ j 64, jK4U4k 4 2514, jpc 14M4k4 t J." 1;2, .... ,, 18

,_ _-p -c M4k 4 _ " .
J

g ,j _ _ - , ,, q
,j

] 9660] ]697-045



Reaction 5, F 2 + M_2F + M

-n5 -b5/T
k 5 = a5T e

18

M 5 = _ m5, icii=I

aX 5 X 5

_'c. - M 5 m5, j 4. - 26 , j = 1, Z, .. , 18.l ' 65, jK5M5k5 15, jpc tsM5k 5

axs _ z . i
_p -c 15M5¢,.5 ._

= c5_;'5k5dT 5 + W = "-:- "..... :i!

Reaction 6, HC1 + M_----H + C1 +=M '--='"_

-b6/T . .-n6 - _ ....._
k6 = a6T e ,. _ :'_, :_ '_

= i:!
M 6 E m6, ici o 5

X 6 -= c6 -pc'.14c ° i_

_x6 x. _ i_i= o + " . • .___

"_cj- _6 rn6' "j 66, jK6M6k 6 o 14, j oc 16M6k6 .'- "_i

- 516, jpc 14M6k6 , j = ,, 2, ... , 18 - ._ " _ _:',_.

tJ

• 0 . -- - , .' , g,5_;?
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-. OX6

_p c 12ci6M6k6

0X6 "4K6 I __IX6
= c6M6k6 dT n6 +

Reaction 7, HF + M_H + F + M

-n7 -b7/T
k7 = a7T e

18

i" M 7 = E rn7,iciI i=l

X7 = [K7C 7 -PCi5Cl6 _ M7k 7

OR7 X 7

_c. - M 7m7,j + 67,jK7M7k7 - 5i5,jpCl6M7k7 - 616,jpclsM7k7J

OX7
-- ¢..

8p c15 "16M7k7

)X7 dK 7 In _--Z71x7
= c7M7k7 dT - 7 + T

Reaction 8, H 2 + M -'_._--2H + M

=n 8 =b8/T
_8 = asT e

18

M 8 = E n',8,.c.i=l 1 1

X8 [K8c8 PCZ ]= - 16 Msk8

\

.. . ax8 .x8

_c. - _ rn8,j + 88,jKgM8k8 - ZSl6,jf)Cl6M8k8 ' -j = i,2,..- , 18J " .

--, 4'15

.-

o

] 966011697-047



ax8 _ 2
_o c 16M8k8

_X8 dK8 In __lX8
= csM8k8 dT 8 + "-'T-

Reaction 9, N2 +M_ZN +M

-n 9 -bg/T
k 9 = a9T e

18

M 9 = _. m9, .ci=l i i

X9 =[K9c 9 - pc,2.7]Mgk 9

aX 9 X 9 _.

c_7-. =_9 m. + -26 , j= 1,2,... isJ i, j 69, j K9M9k9 i 7, j pc i 7M9k9 '

0X9 2
= -c 17M9k9

_X9 dK9 In __] X9
= c9M91"9 _- 9 + -T-

Reaction i0, NO + M_N + O + M

-ni0 -bi0/T
kl0 = al0T e

N

ZMI0 = ml0, ici - "i

}

XI0_ = 10el0 -" Pc17c18 Ml0kl0 9J.

L C

_i
aXto_ X_o + [_lO,jZloM10klo]-6ttjP_iSMi0kl0_. -i_Wio.mio,j .

7MloklO ::'- 618, jpc i , j = I, 2, ... , 18 _.

4- 16 <
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l aXl0

_p - c 17c 18Ml0kl0

En':]Xo- Cl0Mi0kl0 dT I0 +_ T

Reaction ii, OH+ M_O + H + M

-nll -bll/T

kll = allT e

18
oC°

M!! = _ m11, i i
i=1

Xll = [K11cii-Pc16c!8]Mllkll

OXl I Xl i

- mll,j + 611,jKilMlfkll - 816. jpCl8Mllkli• M I

- 618, jpcl6Mllkll , j = _,2. -'- , 18

OXI I

-_p - -c16c18Mi ikll

OXII dKll [ bfll

- x__i

: _ = CllMllkl!_ " nil + "_] T

Reaction 12, 0 2 + M _ 20 �M
J

-nI2 =blz/T
k12 = al2T e

: 18

" MIy. = E ¢"
- i=l m12' i i J

X12 : 12c12 " pc M12k12 -,.

,- 4=17 -

1966011697-049



aX12 X12

_c. - M :mt2, j + 512 jK12M_2ki2 - 2818 jpCl8M12kl2 '
j 12 ' '

j = 1,2,.'-, 18

aXlz _ 2
_p c 18M12k12

axi2 dKl2 in __2_ XI2
--b_-- = ci2Ml2ki2 --d'T--- i2 + T

Reaction 13, CO 2 + H_--CO + OH

K i

Ki3 - Ki !
:

-n13 -bl3/T
kI3 = al3T

.SX13

_'Cl - K13c16k13 ' -

8X13
- -c Ilk13 :%

8X13 -:
- --c3ki3_cl 1

-axi3.

: _ = K13Cikl3 . _ '-, :

""_ _ _:_-ii [ Kf3cici6ki3 ni3 + 3 Xi3 .::• . , T Q.

0 :'Y

--j . - . d

, -4-18 2
J

s

1966011697-050



I Reaction 14, CO z + O_---CO + O z
T_

K -
i4 KiZ

-ni4 -bi4/T
k14 - al4T e

X14 = [Ki4cici8 _ C3Clz]kl4

8X 14
- Ki4c 18ki4gc 1

8X14
- c lzki4_'c3

r

3X14
- c3ki4"_Ciz

8X!4

._'_ _c i8 - K14c ikl4 "

[ ,] ; [8X"i4 1:dK1 i dKl Ki4cic _ n14aT I4i dT Kiz dT i8ki 4 +.__--4 Xi4
L

C

Reaction 15, H20 + C1 _-HCI-+ OH _ -
z

_- Kz

Ki5 l_ 6 _ v

-nl 5 -bi5/T
k15 = ai5 T , e

-2

-. aXl5 -

8X15 _:_

" "_6- = -c Ilk15 ' :'-'

• -" • 2'

_ . ,j: :_- . f ,_ ..... ,3

1966011697-051



.o aX15
_ _ - c6kt 5

. 8Xi5

.-[-" _Ci4 K15czk15

:i 8X15 _ dK2 i dK6 7 K15cZcl4kl 5 . 15 +__55
: _ = dT K 6 "_"T'-J ,_

Reaction 16, H20 + H _----Hz + OH

K z

K16 = Kq

• _n16 -bl6/T
k16 = al6T et

" ' : X.i6 := [K16cZcl6 - c8c11]k16
L

aXl6
2 -.

: : c-,d-_-_-2= Ki6eI6kl6 -- ,.
D _- C

axi6 .
tk16 "_'c - "Cl _

_" ,¢ -/ C,
t C

-a-i;-- -cskl6 , .
,[, =

-o 8X26. :' - -.• 2

: 1416czkt6 : -r. --' ' " -"'c

z 0

' U ] " _ In! 6-,67 x l6axi6[__:az_. az8-z,6_zc -6+-wJ--r:-/.... ''_"_-].N:-'a_, z8_J '6k16" ""
• - "3

-"-- - " . : 4 _,n- - -. ..... :, - o

" "" ' " '" " }%' " :Ct - "" -- . '- . :_ _' ' _:--_" '
.... ; !<_- .'5; "" :., ;_. ?.;:: -- 7- : ., ,_ .... - - : .... -_
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._ Reaction i7, HzO + O _ 2OH

K z

_'17 Kli

-n17 -b17/r
k17 = a17T e

Xt7 - K17czci8 - c 1 k17

aKl7

_-cz - Kl7Clski7

aX17
"_'c - Zcllkt7

it

"9"c - Kl7Czki7
18

2

-_ 8Xi7 I-dKz. I""" K!7cZct8kl 7 . + Xi7 ,
3

L

Reaction 18, ZCO,_CO Z + C _ .,.

°- KI8 r IZl

°

+ -nia - ,a!:
" k19 = ai8T -e _ :

C 0 -

XIi8 = _ " cic13 18
,j

8X18 " . .- _. :

--_' _"¢%- . .................................. -- _ - - _-_z=- .... _'

_.. _ zK18 ,,'
t < . .,'.,8

- - .';, 0 " -'" - L. o_ y. . ."d_

,- -, - - , - D - .-" -
" "L "- ]

"- - " :" "L. - ' - ,-]"\

- J - - j

" ",4 211-'<, ", L _ " U
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.:..

3'

+: aX 18
_ _ = -cik18_13

i+ -_ = _ "_ dTJ_18_32k18- 18+ =i ---- T

Reaction 19, CO +H_OH+ C ¢.:

_- K3
K =

-n19 -bl9[T
k19 = algT e

X19 = [K19c3c16" c11c131k19

aXI9

,. _,K!9Cl6k I • o

aXl9 " . _.
+,

E

_ _ " ='c13 19 • '"

"b

aXl9 +

+ z c :- o

8X19 :

" _ = KI9c3kI9 _ .,. :' _ (2

,-

b,
• ,'.+ .% _ _ .

', Reaction 20_,:CO + N ._-I_O _:C
" + ,L ,. c 3 _ _- _ , ,

• ,_ _ _

;. --- ,- " . , ; . . _ , ,<

.... _, . _ :- ,:, , _," -,. . ;_• + _ , _ ,
+ . _+ .

- J 0 - -'_ . ._, -, _. ,2 _ ?. . . , _a

• _+ii!u_,;,::.++1+ .... , + +.....- _ - ++ ' _"+ . _+.':+\ ' ")
• , - : ,+ _ -:i :+: ' •• _'.: , ' u" , , "<- '.- u

;+ :+ . . _
-" . ,",,

,+. • • +,,+ 4 _+ , ,,-+ . -_ ,,+
'I " % " .'- - ._ + + . ].. _ +z_ , '- --a - ,,.

:.: • : +"•'!:_" -'"" ....." " +_ " + •_i".+: -" ?i +
' " ;'o_- - +-, . _ :+ ' '

'_ ='-Q - "- - ""-'_.. ., )'• '_8:- "-+'" ' "" +- LD_ . _, •. . :',-' ,+ ,,_"-:_: , 5<_::.,'.':"+i,_'. . -'+ "
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0Xz0

_c3 = K20 c 17

'OXz0

c_i0 = -c13kz0

OXzo

c_!7 = Kz0c3 ,

aXzo_!_ az3_ dZlo_ZzoC3C - + -_-- _ " z lo-ar-j 17kzo zo

Reaction 2i, CO + No'CO 2 + N

_'"" Kio

_,. ,,_ K z = _ '1

-, .... , -n21 -bzI/T .... ,

kZ,I = ..az IT e :' ..- . o-

0

X? -f - lc3 cI0 " c c k.z

Pxzl .% _ " ,,-_ ,- 7k2I "_

8X21 ' ""="
Iok2 i "' _.... ""KZ 1 ' : "

exzt . . .,

, 2' " . 0 ' _ .I ,:_>\< _,},..,,%.

• . _X Z "" , :'_-:_ -_ _

, ,

" - " ".... ; : 4 Z3_i " ,...... , " '° -

.... '"' 055" """-'"".....:'"-":""........ 966011697



L"

:' - - -- K 2 c - + b21] X21
__'_Ir _ _ K i Ic3 10k2i 2i TIT

-, R _,action 22, CO + 0,,.._---0 2 + C

'::' K 3
,",_ K22 = ._
'::< K+Z

=nz2 -bzz/T
+ k22 = azz T e

X22 = +[K22c3c i8 -c 12 c t33kzz

8Xz2 -. .-

-._.c3- K22c 18k22 "

! aXz2 ,,

= _ = -c13k22" +, o ,,

aX22 '-
-+ .+

-j • +;

zkzzOCl3 "i . , :.

- _:X22 -,/ +>

.- ,, = K_zc3k2.2 : ....
l - u • -

J

:+ ,, . ,'> ,

_" " *[_[_ dK 3 dKlz X22 r --""'Z2 '_ .I ," I "d-_l_J. = _ _ Kzzc3ciskz2j "" 22 +" _ -- '_',,

_) • ,: +

-Reactiorr23, HCI.-.+ :ci ,=),_-'C!2 + _-I : --

_ = K 6 "
+ -+

zz3=N " +' "
+,- _ ,. + + i)

"]++- : .... {, +

' + "+
k 2 . ..:'. - .- -- - ., '-_' _-- "3 "_ 23 ? °-.... '> :' ' ' " '

_ j- :., -7, .+ + '

; ..... 23 =' " " -
.,,, • +++,," _

_ _ , , , "+ • "_ _ . .'3 + + •

L, ,_ ,5, o t, - -, • ,, .

u

4.;24. "+_, _ , ,, , . +, o - _ tJ: + .',- . _ , u ',;

- u b ' , "

• + ,. _.+ ./ .+ . : ,,-. , _ . +/.
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BY"?,3 = ,£4:V"7.,3tKZ3c

D_3 = I_3c 6kZ3

.. �T

dE'6 _ ._I ._z3c6C_.4kZ3" 2.3 ; ,,

z4,z_C1,,-..-- ,Z :.- :
ReaCtiOn .., ..

TK6 : _. .,

"" '_'Z4 = "

_' bZ41T

_Z4 = az4T _'

"c z ,c"
--" Z4_6 i :

.2 i .t .,,
,j

B_Z4 ="'" " _ ,i " ,,

-_ _ '" ",4_Z ,_ ,. • , ,,o o,:......C , ?, -:



Keaction Z5, HC1 + O_OH + C1

K 6

-n25 -b25/T
k25 = az5T e

_X25

_c 6 - K25Clsk25

8X25

c-_11 = ,cl4kz5

8Xz5
- _c 1 lkZ5._'c 14 : .: ;', 7

' [,

axe.5 .....
- K25c6k25 , -,.__c_8

u

• aX25-= [ 1 _ dK6 i dK117 -' " In --_bg' xz5 "• " _jT •
o ;d" "

Reaction 2.6, HF + CI_---HC1 + F

14;:26=1_6 ; .. .. !,:

/- -., "._ .,9 [,/.

_:: -n26 -bz61_T .'- _ , = ,-,_
h6 az6T "'_ e "- J . 0'.

-_ [K"._ .-14 L =]k26 .... -,.,c1_ __ _ ._.
- 'f_)"

'_aX26 = : _ . -_,:,.:,,..

' /_ "x "0 " " G -j ,, -_:'- ,X_.

!: _ _ KZ_c ..... ,,,,

-'"..................... o: 4,Z6 :'
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I aX26
._ - K26c,:k2614

8X26
-_ - -c6k26

15

[?iX26 I dK7 I K26c7c n26+--m--jT-'_ = dT K 6 14k26 -

Reaction 27, HF + F_F 2 + H!

147
K27 -

K5

-n27 -b27/T
k27 = a271 e

X27 = [K27c7c15- c5c16] k27

¢-
_ aX27

- c 16k27_'c5

8X27

_.c7 - K27c,Lsk27

8X27

8c15 - K27CTk27

ax27
- c5k27

"_'c16

8X27 Ii_7 dK7 1 dKs.1 In b_71 X27\ -rF: d-_r--_ -_-j"27+ -T

t

4-27
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Reaction 28, I-IF + H_H Z + F

• K 7

7:
•_- _n28 -bz8/T
__ = aZ8 T e:_ kz8

&

XZ8 z8c7 c16 c8c15 kz8

_ _)Kzs

--_7 = K28c t6k28

_ aXz8

rc8 -c iskz8

_. 8Xz8

_ = -c8k28

,_ 8X28,t

, _ Kz8_Tkzs

_x.r, d,<_,_'-I,<_,,c_o[o+_]_"'a'- : L_-er " _ a-a,rj _6kz8" z8 _ T

-. Reaction 29, ZI-LF_F z 4-H 2

4 z_9:

..nz9 -bz9/T

-; k29 = a_.9T e

x_,-[,<,<,o_-°_<,,],<__<,
•,,-: 8Xz9

-_ _ : -c8k29

!

4-28

1966011697-062



._- 8X29
_..c7 - 2K29c7k29

aX29

_-c8 - c5k29

8X29 2 dKl 1 dK5 1 9

- d'-T K 5 dT K 8 K29c;Zk29 - 29 + -- --

Reaction 30, HF + O_-OH + F

i

J K 7

K30 = 1_4

-n30 -b30/T
k30 = a30T e

X30 = [K30c7c18_ c11c15]k30

_ aX30
"_c-, - K30c 18k30

I

aX3o
- c 15k3o_clt

8X30
- c 1

"_-c15 lk30

ax30

_'c18 - K30c7k30

 x+o ' [o,07.= _ " I{'11 _'_ K30c7 c t8k30 - 30 + TIT

Reaction 31, HF +OH_H20 + F

K 7

¢ K31:

4-29
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i -n31 -b 31/T
. k3I = a3iT e

i X31 = [K3'c'/ctl-cZcl5]k31

aX3 1
- c15k3 1Fcz

ax31

b-.c7- K31Cllk3i

5X31
- K31 c7k31_'Cll

BX31
- c2k3 t_'ci5

_='= 7 d-_ -_ K31C7Clik31" 31 +TJ T

Reaction 32, H 2 + CI_--HCI + H

K8

K32-.= _ _'

-n32 -b32/T
k32 = e32T e

X32 = [K32c8c14" c6c16]k3-2

ax3z
= -c16k32

U

aX32

8X32

= Z32c8k32 <

4-30

4.
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aX3z
- c6k32

ac16

8X32 LI_8 dK8 I F

e- dK6] b3z-]X3 z

"_ - dT K 6 "a'T] K32c8c 14k32 - Ln32 + "_j_

Reaction 33, H z +O _,,OH+H

K 8
K33 -

Kll

-n33 -b33/T
k33 = a33 T e

X33 = [K33c8c18- C llCt6]k33

8X33

_-c8 - K33c18k33

0X33
- c 16k33

_-c11

8X3z
- -c11k33

"_'c16

aX3z
- K33c8k33

_c18

= _ - K"_I K33c8c18k33- 33 +

Reaction 34, H z + O2_---ZOH

K8KI2
K34 - Z

Kll

= a T -n34 "b34/T
i_ k34 34 _ e

4-31
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= 34c8ci2 - oil k34
-_

i# 0X34

_'c8 - K34c .t2k34

ZX34
- Zc iIk34

8X34
- K 54 c 8k3-4

-'b-ciz

: 8X34 [I,( dK8 dK1?, Z dKill Fn b_4-] X34
J

Reac_,ion35, N z + O_NO + N

K9

K35 = KI0

-n35 -b35/T
k35 = a35 T e

_ X35 = [K35cqCI8- ci0ci7]k35

0X35

_ = K35cisk35

8X35
- c !7k35Fcx0

_X35
- c 10k35Tc!7

_X35

= K35c9k35

I [.: "-bW = "d'T"" _ _ IK3sc9cIsk3s" 3S+ --T-

, 4-32
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Keaction 36, N Z + _Z _ ZNO

KgK I2

K36 - _Z
t0

-n36 -b36/T

k36 = a36T e

8X36

_c9 - K36 ctzk36

8X36
- Zc 10k36

"_-c 10

Reaction 37, NO + H_OH+ N

K10

K37 =

-n37 -b37/'r

k37 = a37T e

X37 = [K37c10c16" c11c,7]k37

8X37

-. _ _ = K37 ct6k37

8X37
------- = -c17k37
acll

aX37

_r_t 6 = K37ci0k37

4-33
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t

aX37
" c ik3_< _'c17 i 7

_: _)X37_ I_10dKl0 1 _.,]K37c -I n + TJ T: -'_- = _ Kll 10c 16k37 37

Reaction 38, NO+O_O 2 + N

-n38 -b38/T
k38 - a38T e

['K = ,: zc ]X38 = C 3J."::t0 c18 " 17 k38

_X38 ,..
- ',-[.38c 18k3o

10 '" :.

-'k?8
- -c t7k38 ,,

_c IZ

_)X38 ,_

.= =c lzk38

8X38

= K38c10k38

4-34
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I Reaction 39, O z + H_OH �O

"f"iZ

K39 = Ki---q

-n59 -b39/T

k39 = a39T e /

/ 8XB9

-_-¢iI - -c 18k59

ax39
_' _ = K39ci6k39

c2b

0X39 > .. .. ;," /:

' %

_X39

.-n-- - _z dT K_i _-TJK39_Z_6k39" 39+--_-._IT

I
'}
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4.2.2 Calculation Of fi and _i,j for the Chernica _ Relaxation Equations

For the species of interest, f i and _i, j for ti_e chemical relaxatlo_
equations are calculated from the ._ollowing relationohips:

For CO z, ,, .,q

5

gl 44. Ollpr_' V
G

[

o

151,1 - " gl �_ C i .1 _ r ' . ' "

' _ aX 1
%

-_.. 13, = - Ki

: px, .x,,l . ,

:: .o;:_i, _)X1

ItX 1

_1, 6 K'I at6..

&'t ! & U%*_ " '

_.,'_, BX 1 '
, ,_ 8 " , ,..', ,;' .:,:',.

._, ._., :[,....
,_,,,,-,,,;, ,,:,'_ . :'. , " , . .,!,,:.,:_" ,,,:_, ,: ' ,, , , .,.

,, _, ,_b'4;?" , . , ,

:.4-_6 ' ' : ' " .:::-.:}.:""-
. ..... . ',,. ,,:,. , _ . :.' .. ._',, ., ..,' _, ._,..",._ , ,.,

, , . . .

. •., ,.. ,. ;._,, ', ._ _, '
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8X 1

t ;
P

F._xl_xlq

FOX 8X18 ]

._ 8X I

131, 14 = - K1 8c14

(
8X 1

_1,15 = " K] 8c 15

laX 8X13 ]

_1, i6 = -__L_g __-T_J

SX I 8Xzl ]

_,,7-- -_L_;i _Tj

SX I 8X14 ]

1_1,I9 = " V_i

BX I
I _.-i{_----
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pxl_x,3_x14_x,8_x2,]_ = -K! + +

For HgO,

_;_2 = 18.Ol6prV

x,7-x3j
_ #xz

132_,1 = -K z 8--6q-1

BXz 8X15 8X16 8X17 8X3 I]

BX2

Pz, 3 = - Kz a-_3

8X2

Pz,4= -KZ

8Xz

02, 5 = -K2

SX aXl5]

,=._F,x__x_q"_ _L_ _]

_.BX2 8X16.]

"2,8:-_ZLa-q �_-_-8Jl

Pz,9 = -'KZac9

4-38
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I _ BX z

132, 10 = - K2 aCl0

SX Z 8X15 8Xi8 8X17 8X31 ]
= - + ---- + _-_1; +_"_' _S_; "_,, _,, "_,_J

8X 2

132, 12 = - K2 8c12

t 8X2

_Z, 13 = - K'Z 0c13

ESX 8X15 ]

_, ,_=_%_L_ +_jIi

EOX 8X]l ]

t

8X 2

132, 17 = - K2 8c17

F 8X2 8X171

1
_z,19 = "V fz

/

8X 2
_'. 1 f2 - K-'213z,zo = F ap

roxz ox .
II. J
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For CO,

#

_3 = Z8.011prV

f 3 = iT3 Ix 1 - X 3 +x13 +x14- zx18 - x19 - Xzo- xzl - Xzz 1

133,I K3 l 8ci BCl BCl 8ci

_._xlBx3]_"_:_L_i _a

BX OX3 OXI3 OX14 8Xi8 8X19. 8Xzo

_,_=_r_L_/ _+ a_---T+ _ _ _ _

FOXI OX3]_"_=_L_ _;-J

EOX 0%]

OXl OX31

FoxI OX31

FOX l OX3]

h'9=%LN NJ
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| F_xl ax3 _Xzo _xzl_

FOX I OX 3 OXI3 8X19 7

8X 8X 3 8X14 8X227

] BX 3 IFBXl 8X18 8X19 8X20 8Xz2

133,13 = K3 OCl3 8c13 13 13 3 3

8Xl 8X3 l

OXl OX31(

F x,  x,q
"_._6:%L_L _°,6+_,6 _J

[-OX1 OX_ 8Xzo 8Xz I_ -'

_3,17 = K3Lo-T-1178c17 8c17 8-_-17J

FOXl 8x3 OX14 8Xzz_

133,19 = " lf3

IBX 8X31
"x,. I f3 + _[3 I(33,zo = _ _ ap
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For C1z,

#

70.9 .I.4pr _
v

_ 8X4

_4, I = " K4

_ BX 4

_4,Z = " K4

3X 4

_ 8X 4

[__._ _ 8Xz3 8Xz4 l

0_,6 "' -%Lac6 8c----_- a% j

_ 8X 4

lax4 8Xz4 l

134, 8 - -_4L8-_8 " 8c 8 J
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D _ 8X 4

134,9 - " K4

_ 8X 4
134,10 = " K4 8c

I0

_ 8X 4
I34,11 = - K4 8cII

8X 4

_4,1Z = -K%

_ 0X4

["8X 4 %Xz3 7

_-K_jIP _ L _ _

_ %X4
134,15 = - K4 bc

15

-- [8X4 8Xz3 l

_4,_6- -K,_L_it _16_1

8X4
_4, 17 = ""K'40c

17

0X 4

134, 18 :: - K'4 0c18

_4,19= - 9 q

I 8X4

_4,zo -"_q - K'4-&-" ,,

4-43
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° _41_"4 ""23 -"24.I
"4 2 i OT 8T 8T Jig L

For F 2,
_L

_ - v

:g _5 g5 5 - X27= _ _ XZ9

_ _ t)X5

135,1 = - K5 g_l}

_ I)X5

; 135,2 = - K5

ax 5

_' [35, 3 = - K5

t.

• _ 8X5

' _55,4= -K5

__ ["SX5 8Xz7 8X297
{35'5 = " K5Ls-_5 8c5 _ _!

8X5

8Xz7 8XZ97

155,7 = - %La_[a--XX_5 a_7 _]

[_xs ax29]
r%,8- -gSLrq ao6j

8X5

_ i_s,9 = "K5 ac9- %

., 4-44
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II

lie _ 8X 5
a - _ I_
w5. I0 _5 8c

i0

_ 8X 5
P5,11 = - K5 8c ll

8X 5
[35,12 = "K5 8c IZ

[ -- 8X 5

P5_1_ = -!f_ 8c I

8X5
[35,14 = - K-5 8c

14

8X 5

8X 5

_5,18 = "K-5 8o18

1
fl_,19 = - ?'f5

I 8X5

\ _5,zo - _ %- _s "-_

4-45

¢ ,-',;

1966011697-079



...i_,. For HC1,

.... 36: 485ar*

_:. ,6---_Ex_x. +.x_,+_ _x_.]
:[_ 6 15 XZ3 Xz5 XZ6

._: ex6
'_ .86,1- "g6 _-F--

N

-_ Bx6

_ .%.3:-K__3-
f

{ 8"¢6 ,

i "6,_---%

[_6 0xls ax_._ _x_.__x_.__x_.6 _x_._! 136'6 ='K6 _ + BT6 "_'2 _ + _ 8c6 _66'Ji

i _X6 8LZ6 _

!; 06.7= "K'SLT_'-#7a%T-j

. FBx6 Bxz,4 BX3zI

8X6

_,,9- -%

.ax6 ,,
"6._o=-%
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_ C aX 6 sX,_ +

_ 8X 6
= - K

136,12 o 8c12

_ OX 6

t36, 13 = - X6 8c 1
,a.J

f
0X23 8X25 8X26 8X32 ]OXI5 + -- +06,,:6Loc, oo,,

1
136, 19 = " _ f6

OX 6 ,.
1 f6__" ___6,zo = _ ,, ap _

"" 156,2-I =- K'6 [8-X-'-6 8X15 '8Xz3 8X24 8x25 8X26 E3"Z]L_.
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III

16>.

20. O08pr*
1_7 = __-.._,----

• _X 7

La,,z o_zJ '_
G

• 8XI
_'7 ';" _-' "-" " " ;" P7 o 3 '

, m-

p_ ----" .p ',.-
C . . )/. ,

,- :, , - ._ , .,, , , . ..1, . ..,_': _ ',",, , ;,° ..,.,- . .,._.>

'_-B = -,4 / " "..... '+" I¢

• "_ -. ..: i;,:%-?.:7 ....."

-. r.x7',._axa_..-l-j '

• , . _, , " : -. ::7,k-"

4

q . i J 7" '' _ }8, ' I ' e:g.Z _ ' . " .... "' : " " " " _{}.#: :> ', "

=

• 8X7

° 7

r" ' dr'' ' : ' m_ " "']mr "q 4-40 , " ,.' .....

i
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!
E x7 X3o x311
8X 7

_7,12 = -K7 8c12

SX 7

-67,i3= -K_ 8c
13

: ESX7 8Xz57

ESX 8Xz7 8X28-]

__ 8X 7

137,17 = -K7 8c17

SX 8X307

1

67,19 = - V" f7

8X 7
I f7 - K--7--137,zo = F ap

V_x7 aXz6 .Xz7 .Xz8 _Xz9.X3o _x31]
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6,

For H 2,

K8 = 2.016pr*v

18 = -K'-"8 IX 8 " XI6 - X24- X28 - X29+X3z +X33 +X34]

__ 8X 8

P8,l = -KS

FSX8 8x 16G

_ 8X 8

P8, 3 = - KS

[-SX8 8Xg4 "]

_,_:%L_ °%J
["8X 8 8X Z9.]

r.x. .x,,+?,___q
_,8,<>:-%L_ .% °<:._j

r-ax8 axg 8 8x29]_,,=-%L_ .o_ _;j
Fax8 _xi6 _Xz4 _Xz_ axz_!+ax3z°',_: -%L_"°_-"% .% .c_°%

0X33 8X34 ]
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I _ 8X 8

P8, 9 = - K8 _'9

8X 8

_8,10 = K'S 8ci0

8X33 8X34 ]SX 8X16 + -- +

_,_=-_12__ _ _ _;_j

I [8X8 8X34-]

_._ : -%L_-_Tj_* _J

8X 8

138,13 = - % 0ci---_3

r 8X8 8X3z ]

(

_ 8X 8
_8,.t7 : -K8 8c 17

r sx 0X33 ]

,,,,.
1

P8, t9 = - V 18

I 8X8

t %,zo=_f6-_8-_-
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B
139'9--%L_%-9 + _9 + a"9J

fiSX 8X35 8X36 ]

_'9,,o: -_:"91.£_.;;+_o +_,oj

_ 13X9
i39, 11 = - K9 8c 11

[_3X 9 8X36- ]

_ 8X 9
_9, 13 = - K9 8c13

"X 9

,_ 139, 14 = - K9 8c14

8X 9

139, 15 = - K9 8c15

8X 9

_9, 16 = -K9 8c16

SX9 0X35]_9,,_: "_9[_ *
8X 9

139, 18 = - K9

I]%19 = -V'f9

I 8X 9

4-53
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:.?'..+

+x3 x+q
: For NO,

4

:_ -- 30 O08pr*
"_'._.._ I._10 = • _._ V

._ fl0 = " KI0 [Xl0- XZ0 ; XZl-X35- ZX36 +X37 +X38 J_._

% [-axlo 8xzl 1++: ,,o.,: +
+¢,

axlo

i 1310,2 = -gl0 8cz

e_

!+ - /+Xlo +Xzo8Xzi7_ _10, 3 = - KI0 8c 3 - ac---"_"+ --'"_ j
,( _ 8Xlo

P10,4 = - K]0 8c4
$

;. _ ax 10

:i _10,5 = - K10- ac 5
f.

8X10

_10,6 = -KIo 8c 6
d
$

8Xlo

_o._ : -g_o

OXI0

j. _I0,8 = "KI0

•; _o,9=-+%OL__ +°-V-__-V_]

4-54
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8X36 _X37 _X_38_
___- + _--_---+

8X55 - Z 8ci0 I0 Dcl0JFsXl0 8Xz0 8Xzl ____------+ _--'- " 8C

0_ " 8c 8c I0Io,lo : "KI C_o lo 1o

_10,11= " I0_c11 _cllJ

- _X36 8X58_

_

%X I0

10,14 : -K1° 8c14

8XI0

_10
_i0, 15 = " 8c15

$

o+
_io.16: -_I°L_6 16J

_I0,17 = " _I0_8c17 " 8c17 8c17

I

_o,_9= " V _o

8XI0
1

. _o,zo=__o-_o -_

[_x____° _Xzo _xz_ _x_s _x_ _x_ _
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For OH,

17. O08pr*
F_'ll = V

fll = KII Z -Xll +X13 +X15 +XI6+ZXI7 +Xlg+Xz5 +X30

FSXz 8Xll 8X15 aXl6 8X17 8X311_:I,Z--KIIL_ a_z �a%�a--_Z+z _Z _Z

OXl3 OXlg.lDX z OXll + +

pX z 8X 1lq

_11,5 = KllL_5" 5 %c5

.-- ESX2 8Xll 8X15 8X25_

_'"_=_"L_ _°_+_°--F+_]

FSX z 8Xll OX30 0X317

_'_ =%'L_ _'_+ _ _ ]

8X2. 8X 117

_::,9 =_'::La-_9 a_9_j
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10_1,1o : _11___=Io_'= 8=1°-] _X _XI9
8X 16 17 +

BXI5 + _ + Z _ 8Cli
_-sXz DXI3 + _ 8cBXII + 8c i 8cI II

_II,!I = _[IIL8c11 8Cli 1 1

8X 34 _X37 -_1

8E30 8X31 + 8_
i_XZ5 + 8cli 8cii II8Cli

f o11,1z: g11L_Iz _iz

_iI, 13 : K11_8c13 " _=13 + _cl3]

8XII + 8c14 8c14]
[311,14 = _IIL8c14 8c14

_X37
8X16 81(19 8X33 + ___._.+

I 8XZ 8X13 + 8c16 16 16

[511,16 = gllLScl6 8c16 16

8X30 BX33 8X3'
8Xz5 + __----- 'c _ +

8X17 + "_c-" 8c18 Bcl8
8XII + Z 8c18 18

_ll, lS = _llLScl8 8c18

-p

' _,zo :

4-57
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i:

rs_XXz 8Xll + 8X13 8X,_ 3X,, %X _XI9

_II, Zl = K'I1L 8T 8T 8-T + "_ + " "--S'° 17
8T 8T + Z 8T + 8T

8X34 8X37 8X39]8Xz5 8X30 8X31 8X33 + 2. + +

8-T + 8T 8T + 8T 8T _T 8T _j

For O z,

-- 3Z. 000
K12 - V pr_

f]2 = - KIZ 12 - X14 - XZZ + X34 + X36 " X38 + X3

_

8X12

• F SXI2, 8X14 8--_.3]_,.,_ %ZL_-_-_ _ _xzz]

8X12

_lz,4 = "K'lz

8X12

1312,5 = -Ki2 8c5

8X12

_12,6 = - KI" -_6

8X
12 o

P12,7 = " _[12

r"x,,- =,;1
_,_z,s ,,zLoos + sos]

4-58
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F_'XI2 8X36l

_Iz,9 = -glZL _c9 + ac9j

_axlz+ ax36 ax38]
_iz,_o: -glZL_Clo °_io-°c,o.J

F._Xlzox34 ax39]
_iz,11: -_,zLa-_?T11+a_1-7 +°_11J

FSXI2 8X14 BXz2 8X34 8X36 8X38 BX39_]

_,z,Iz= -K1ZLac,z"---'acu _ +--a_i2+ a_1 ----acl+a-_q-lj

_ [axlz _xzzl

BXl2

8Xlz

1Z,15 = -iTlZ

F'BxI2 8x39]

roxxz oxl,_ _xzz ox3a ax39]131z,:8 ; "I{'lZLBC!s" --1),:18"t)cl---_ "'t)Cl----[ + i)cl8j
%

1

8X

, i_12,zo --! ,zp flZ "iTI2. ,90
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IZ.011 r_ •'

f_3:1_13_ 3+x_8+x19+xzo+xzz]" _ .,r.

8X 3 -_ o

8X 3
> / - , .

13,5 3 " ,,, ...... ",'.'-:,.:,:;

_13,6 " 8c6 _ ....

. <,_ ,," :. ,, _-:_,
8X3

t

8X ' '.-:"....
,_ ",__ ,' , _.

,. j

" ..... _ 966011697-



_13,11 3___=11TLII]

_13,1z:_13La_Iz a_Iz]

_x18 _x19 'Xzo _xzzI
' --'---+ 8c 8c13]

=_ + ------+ _c 13
_13, 13 13L8Ci 3 _c13 13

8X 3

= K 1
13,14 3 8c14

8X 3

' _ 13, 15 = g13

|
_'13,16 : _'13L8c16 8c163

\

='_" 13

> 8X3
1 E" --'-

[313,zo = - f +p 13 13 8p

8X 8:_gO 8XZZ7

DX3 8X 18 19 + +
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For Ci,

-- 35. 457
KI4 = V pr*

f14 = KI4 [ZX4 + X6-X!5-Xz3+ XZ5-Xz6-X3z]

_ ox 7

8X 4 8X 6 8X15 _

-.[ _x4_x6]

_; _14,4 -- KI4 "8-cT + _ 8c4

-- iZ 8X4 8X 6 ]#_ _14, 5 = KI4 8"cT + 0c5- --

[zax4 _x6 ax*5 axz3 aXzs axz6 °x3zl

} _4,7 : _4 a-_-7 + _ __-_7j
L

J314,8 = KI4 8c8 + 8c8 8c8 J
9

_ _ [z_x4__ax6]i _,4,9: Kl4 a_9 +_-%-9J

. OX4 8X 6 -I

_14.10 -i_'1412 8"_10 + _--_10j
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__ 8X4 0X 6 8X15 8X25

= + OcIP14.,1 K14 _i + _11 a_11 I

- izax4_ ax6]_14,1Z=K14 _2 ' Oc_J

2 8X, 8X6 1

_____ +
1314,13 = K-14 8c13 8c13

8Xz5 8Xg6 8X3z !

8X4 + 8X6 8X15 8X23 +
1314,14 = K'I4 2 8c14 8c14 8c14 8c14 8ci4 8c14 8c14

i 8X 4 0X 6 8X2671314,15 = %4,. 2_0c15 + 0c15 8__15j

- [z °x4 8x6 OXz3 8x32 7

_ [__x_+°xo7

_ __x4_x6_xzs]_14'18 = K14 _ + _8 + a-_I818J

1
P14,19 = - V f14

P14,zo p q4 +K14z _p -_-j

zax4 _x6 _x,5 aXz3 aXzs _Xzs _X3z]"_ 1314,21 = K'I4 _ + 8-T 8_" 8T + 8T 8T 8"_ 'J

4-63
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For F,

19.000

i_15 = V - pr*

f15 = KI5 [zY'5+X7 +XZ6 -Xz7+XZ8 +X30+XSI]

_15, 1 = KI,5 Bc 1

_IS,Z = KI5 acz 8cz

{)15,3 = KI5 _)c3 + Bc3 J

_15,4 = I_15 Bc4 + Bc4 ]

_'15,5 = KI5 8c5 + Bc5 - 8c5J

_15,6 = KI5 Bc6 8c6 8c6j

[zBX5 + OX7 + _Xz6 BXz7 + 8xz8 OX30 OX31 l_15,7 = [R[15 8c7 8c7 8c7 - I)c7 Be7 + 8c7 + 8c7 j

015,8. = El5 8c s + 8c 8 ac 8 J

8x--5-5+1315,9 = i_15 _ :9

"_15,I0 = _15 ._clO 8ci0j

4-64
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8X./ 8X 30 8X_31_+ _ + .----_ +8c 8c11
8cli II

81(51315, lz : K15 _clz i)Clz.]

1515,13 : _15 8c13 8c13_

= _15 8c 14

15,14 OX30 09317
-'---- + Bc 8c15.]

8X 5 8X7 OXZ6 8XZ7 8XZ8 _ +

_Z " _ �8c15

-"--"- 8c 15
_.-----+ 8c15 + _)c15 15

_15, 15 : KI5 8c15

81(7 OXZ7 _X_ZB7

i5,16 : Ki5 ocl6

" _Z og5¢s15, 17 = K_5 _c17 _clTJ

1315, 18 : i_'15 8c18 8¢18 I3c18J

1

1 +g'15z"Tf"+ op]
_IS,Z0 : _ fl5 L.

8x5 _x_ _xz6 _xz'_ _xz8 _x_° _x3i

., _xs,zi :Kxs_z-#f+ -_- + _ " _ + _ + "El" +
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&

For H,

-- I. 008
K16 = V pr_

f16 = KI6 Z +x6 +x7 + ZX8 +XII - X13 - XI6 - X19 +Xz3

+Xz.7 -Xz8+X3z +x33 -x37 -x39]

[axz ax6 ax7 ax8 aXll ax13]
1316,! = + --+ 8_+Z_ + -- .

!

['SXz 8X6 8X7 8X8 8X-I1 8X 16._

_,6,3=K,6La-_? + a=3 + a=3

SXz 8X6 8X7 8X8 8Xl I 8Xz37

rsx2. 8x 6 8x 7 8x 8 9x ii 8x2_._3.7

_,6,_=%6Lr__+_ +_ +__ + _ + .%j

__ F3X z 8x 6 8x 7 8x8 8Xll 8xz3 8x3z I

_ FaXzox6 ax7 ox8 _x_1OXz7OXzsjI_16,7= KI6LF_-7+F_7 + a-_-_+za-_-7+ E7 + To-# _c_

--FSXz8X6 8X7 8X8 8X118X16
1316,8 = K*6L_-_+a=--_+_=--_+z_ + a=8 _=8

_x,8 _x,,. _x_,7
_°8+o_-V+_-_"_J
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_ l-axz ax6 ax7 _x8 axll 1
= _+ + +2 +

F OX 6 0X 7 8X 3 0Xll 8X13 aX16_SXz + -- + _ + Z-- +

1316,11 = Kl6_Cll OCll 0Cll OCll 0Cll 8Cll 8Cll

_x_9+ax33_x37ax39_
a=11a=ll_lx _-_]

EaX aX 6 8X 7 8X 8 8X II 8X39 ]

_16,lz =R-16L_-Z_,i +_ + aq-xxz +z_Tz+ _j a_SJ

aX 8X 6 8X 7 aX 8 aX 8X 19"]

laX z 8X 6 8X 7 8X 8 @X iI BX I 8X I aX
= __ + __ + 2 O_._ + 3 6 19

13!6,16 i_'1618_-c16"+ aCl6 aCl6 16 aCl6 - 8c16 aCl6 aCl6

0X23 0X27 0X28 0X32 8X33 0X37 0X39+ _. + + •

8c16 _)c16 8C16 /)c16 8c16 8c16 3c16

_. EBXz aX6 aX7 8X8 aX I aX37l= -----+ --- + Z a--:-'--+ I .
1516'17 K*6[_ + °=x7 °=,.7 x7 OCrt __J

laX z @X 6 BX 7 _X 8 BXl! 8X39 i
= y -- .I- ----+ Z 0-_18 + + 0X33
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1
_16,19 = - Vfl6

I pxz _x_ ax7 _x8 ax11]",6,zo:_-',6+%6L--_-+_ +_ +z_ + _;
F;@Xz 8X6 8X7 8X8 8Xl I 8X13 8X16 8X19

_16, Zl = i_16L-_ + 8-T + 8_ + z 8_ + 8T " 8T - 8T 8T

8X23 8Xz7 8Xz8 8X3z 8X33 8X37 _)X39l

+ 8T + 8T 8T + 8_ + 8T 8T 8-T ]

For N,

-- 14. 008
KI7 = V pr_

fly = KI7 X 9 + XI0 - X?.0 +Xzl +X35 +X37 + X 3

S

"- Izax9 axlo_xz,] ._= -- + BcI +o17.,K,7 a_, _;j

_ _ aX9 aX_o_ !

- Iz ax9 aX,o aXzo aXzl]_,_,_-_,__--C_+_-; _o_+_]

_ . BX 9 BX 1

:..,5
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17,7= _17 _c7 _c7]

8x-_-9+ _c8]

8Xzo 8X?.I 8X35 8X37 8X_387_____+ _--_+ 8_I0 + _c19 j
. ._-----+ 8ci0 8cI08ci0

__Z8X9 8XIO17, I0 = _17 8ci0 I0

- _ +---- _11J
[517, II = El7 8cli 8Cll

8Xlo+ 8ClZj+ 8ClZ
[$17,1Z : _17 8ClZ

_17,13 = _17 8c13 8c13 " 8c13"J

r ax9 _xloI

L7 _..----+iT, 15: El't _c14 _c14]

_,_ : _ _---_+ _--'-_"_6.1
BX 3

8X35 8X_7 +
8X_o 8XZI + -'-'- + 8c17 "_I

Bx9 BXxo _ + _-_ 8c17
",. ----" + 8c 17 8c I'_i_17,17 = _17 I}c-17 I'_

•' '0 I_, ],s : _t7 I}c18 _}c18
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1
13i7, 19 - V _17

-- !zSX9 ax_o1_n, zo = _-f17+K17 -6- + _-_

- r_"x9 _X_o_.o ,x,_ _x_ ,x_ ax_,]
_lT,.Zl - KI7 Lz_ + aT aT + --8_-"+ 8T + aT + _J

For O,

16. 000
:K16 - V pr*

f18 = _[18 [XI + X3 + Xl0 + Xll + 2X12 - X14 - X17 " X22 - Xz5

- X30 - X33 - X35 - X38 + X39U

pX 1 8X 3 8XIo l)X;l i 8X12 8X1.....4.7
_._= %_L_-_T T�_-_F�_ +_ _; oc_j

- 8XIo 8Xll 8X12 8X17 ][ 8Xl 8X3+ + +Z

_8,2 --%8La-_f+ao2 _ _" _. _ j

_Xiz _xz_]
_ px_ _x_ _x_.___o_x_• _---- _ J_18,6 = I418 [_-_-6+ 8C'--_"+ "8c 6 + 8c'-'6" 8c 6 '
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8Xlz _x3_ _,

CaXLa-_--ax3 axl° _sxll +z _ _c8 I'618,8= KI8 + 8c8 + 8c8 + 8c8 8c8 I

I8--_9Oxl OX3 OXlo 8Xll + Z 8XIz 8X35

1318,9 = KI8 + Oc9 + Oc9 + 0c9 8c9 8c9 J

Fax1 ax3 .Xlo 8Xll 8Xlz 8X35 8X38- _

_18,10 = KI8LB--_I0 + '_ + _ + _ +Z_ - 8c.t 8-_i0.joct0 8ci0 8c10 8ci0 0

F-sx1 BX 3 8X10 8Xll 8XIz 8X17

= L"-_,, + __+__+2 8c oo_BI8,11 KI8 + 0C,tl OCll OCll II I_'

0Xz5 8X30 8X33_.+ 0X39 i
OCll 8ClI _ 8Cli '_ITJ

SX OX 3 8X10 OXll 8Xlz OXl4

8Xzz 8X38 + 8X39 18Clz 8c12 0Clz

_ [OX I 8X 3 8XI0 BXII 8X12 8X22]'

_18, 16 = Kl8 _Cl6 + _ + 8"cE _"_ + 2,8-_i6 8c16 B-_16 j

8Xll 8XJz - 8X35 8X38 l__. F 0X-i 8X3 _)Xl0+ + _.
':_ '_18,17 = KI8 + Ocl7 + l)Cl7 8c17 8c17 8c17 8c17_J
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F.gX 1 8X 3 3XII SXlz 8X14 8X17
3X:,_

' u"i8 UCl8 18 8

8Xzz 8X25 BX30 8X33 0X35 OX38 9X39 ]

Be18 8c18 8c18 8c18 (9c18 8c18 8c18 J

1

_18,19= " V fib

8Xlz]l _ Fox, ax3 axlo axll+z--0,8.z0=;,,s+ + + +°-7o.A
Fall ax3 axlo aXll aXlz Bx14 BXl7

,,.. z,- %8L_ +.-_-+ aT + a-T+zB-T_- B- ST .,

8X2z 8X25 8X30_ 8X33, -9X35 8X38 8x 3- --

8T 8T 9T ._ 8T 8T .. ..ST-+ .'-8_,

4.2.3 Calculation of-the Pressure and Pressure"Derivatives .. _ :"':':..i
J

For subsonic flowsi the pressure distributio_,=is v noby the .... . c./_._,_,

pressure table and the pressure"and pressure :derivatives arecalculated ' " " '
-- ,¢.<

fron., ,. ....
, (.

" : 1. dZN! : 2 "'_ ":"

n

-- = + X " _ " " t,'_:" ....

Xn dx2 1 _ " " "% -'

x n ,,. ..,_-.,.._
/

.u .)

dx z -. . . -- :, , .
,/

n _

Xn I)" "--,,,_.where (I/2)(Xn.I +Xn) <_x -< (I/2_)1 +Xn+ andthe',, , -,subsc'_'iPt,::,.,.nrefers.

to the nth entry ix, the pressure and pressure derivative table.s, "

For Supersonic flows, the pressure is_d©_ermined by ir, tegratibn. '."........

-..a-7_" ...
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4. Z-4 Calculation of the Area and Area Derivatives

For supersonic flow, the area and area derivatives are calculated

from

da Zx Ii .._, JR,?- x2]I/2 !
= I/Z + - -

, JR..2 2] -) -X

{ }( }dZa " 2 Zx 2

_ [_._x_],,_+ _,_,+_,_-[_.__.:-]"_
Zx 2

+ .

R, z _ x 2

when x<__xt and

a = (rl + Ix -Xl] tanOl) 2

da (r [ ] 81)
--dx= 2. 1 + x - x I tan tan 8 l

dZa 2_tan2.{)
dx 2 1

when x > x t
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4. Z. 5 Calculation of M 2 and its Partial Derivatives

For supersonic flows, M 2 and its partial derivatives are

calculated from

M 2 = V z
_/Rt

* aM 2 M z 3¥ M 2
- Rjt_c. ¥ _)c_ "_. ' J = l, Z, -.- , 18.J J

8M 2 ZM 2
8V V

8M z M 2
_T T

where only the (SMZ/Sc.)'s-- of interest are calculated.
J

4. ?.. 6 Calculation of S 1 and S z and Their Partial Derivatives

The summation terms S 1 and Sz and their partial derivatives
are calculated from

18

1 ___ f.R.Sl =R- i x x

as.,. 1 sir i
_"c_ = R" i__2-'1_i, jRi R ' j= l, 2, "'', 18.

8S1 1 18
= _ _i, 19Ri

8S1 1 18

= _1 _i, 20RiRi-

8SI 1 18r.,
-- = _ _i,21Ri8T R" i=.[
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18
1 _"

SZ = R--T"/ fi h"_ 1i=l

8Sz 1 18 Sz

_c. = s,--_E _i, .h. _,j j= l, Z, -" 18.
j i=l j x R. ' '

8Sz 1 18

_v _ R-Y [ _i, 19hii--1

8S2 1 18
- X ,Si. zohi8p RT i=l

8S2 l 18r. I 18 Sz
--=-- 2_. -- f.C
8T RT i=--l_i'zlhi+RT i=_l x pi T

where the sums are performed only over the species of interest and

only the (SS1/Scj)'s and (SS2/Scj)'s of interest are calculated.

4.2.7 Calculation of B and Its Partial Derivatives

The energy exchange term B and its partial derivatives are

calculated from

B _V-I
$2

8B N - 1 882 I 8N
8-F7.= _ 8c. +-Zsz _7. , J = 1, z, ..., 18

J J y j

8B _ - 1 8S2

8V _ 8V

> 8B _ - 1 8Sz

"x 8p 'f 8;,

8B Y - 1 8SZ 1 8r
8--T"= ¥ 8T + -_ SZ --ST

N

I
where only the (SB/Scjl's of interest are calculated.
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4.2.8 Calculation of A and Its Partial Derivatives
|

The diabatic heat addition term A and its partial deri,ratives are

calculated from

A" SA-B

8A _S 1 8 B
8c. 8c. 8c. ' J = i, ..,_ ..-, 18.

'i J J .1

0S I-_ 8A 8B
._ _ -

:: OV 0V 8V
-?.

._ 8A 0S 1 OB

i_ 8p 8p 8p

8A 8S 1 OB
= 8T 8T

where only the {SA/Scj}'s of interest are calculated°i

4. Z. 9 Caluclation of fi' a. and _i, for the Fluid Dynamic
Ec_uations 1 j

_ For subsonic flows, fi' ct.and Pi, for the fluid dynamic equationsi j
are calculated from the following relationships:l

._ For V,

iaP

i f19 = p_ dx

:i
-:_ 1 d2p
,., al 9 =

pV clx 2

1

L3i9,19 = " p f19

4
1

:'_ _19, Zl = " V" f19
(
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For P,

_g j = I,2,..-,18.dP BY - ---- ,

= - ---P---_ _)c'--_P Bc.13zo,j xZp J
i

8A
i _p---= --£ZO Bp

13zo,zo P

BA _ dP Bri3zo,z_ : .p _ - _
l

's o( interestare calculated.

[.. where only the _Z0, j

For T,

' £Zl = _ dx

!-c-i i ---y/
aZl = ,y Ldx-

yE!__r_ , j=l, z, ..', 18.
1321,j = _-_--_-"__c_

8B
= -T_i_zl,19

,/

= ,rPB_P..B
"" {_Zl,ZO Bp

aN

tl calculated.
interest al'e

where only the _Z l, j' s
of
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77

For supersonic flows, fi' ai and "_i, j for the fluid dynamic
_ equations are calculated from the follnwing relationships:

For V,
-!

_" f19 F 1 da A V

'N
J.

:_ d2a 1 g V

!{ _19 = _ a M2_l
:@
-N

:_ 1 aM 2 V 8A
_ - f j = 1 2, ... 18
•_ _lg, j M 2 1 19 8c. M2 8c. ' ' ' '- - j -1 j

i_ 1 1 0M z V 8A

_ _19,19 = V f19 M z - I f19 8V M g _ i. 8V

_ _ v aA
:_ 19, zo Mz - I ap

1 8M 2 V 8A

P19,21 - M 2 - 1 f19 8T M 2 - 1 8T

where only the _19, j's of interest are calculated.

For p,

fzo : 1

_20, j = " 2 A a _" 8c. M 2 Oc. ' j = I, 2, ..,, 18.
M2..I j -I j
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_20, 19 - .2 -- A_ _ _V _ a-_¢'¢

(M2 _ 1) u - M"-I

! . __E _A

_zo,zo=F fzo M z -i ap

(M2_,) -,
.'s of interest are caiculatcd.where only the [SZO,J

For T,

M: I ._

[521, j = - 2 a dx' 8c. + (_/ - I) T --

( 1) _ Oc. Be.
M z " J _Vl''_ 1 j j

+ EA I ____a1 TM z 8Y , j = I, 2, ...., 18.a M-2-1 8cj

(Y - I)T _., I da]SM z TM z 8A 8B[521, 19 = " 2 a dx 8V + (Y " I) MZ 1 8V T--M 2 - I

TM 2 8A 8B

_, [521,Z0 = (_/ " I) M2 _ I ap T--sp
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Y

1 (_ - I)T [A I dxxl 8M2 + (__ i) TM 2 8A:_ [321, Z1 = T" f21 Z y a 8T ..2 8T

(MZ _ 11 L J a,L - i

8T:_ a dx 1

•'s of interest are calculated.
where only the _Zl,j

For P,

iA 1 da ! YM2 pfz2 = a dx. M'_- 1

I -d2a 1 (d._.aahZ] NM 2 p

aZZ - a dx2 a_ax/ jM _ -_I

1 5M 2 NPM z 8A fZ2 8_

I_2Z,j = - MZ(M z -- 8cj + . ' j - I, Z, -.-, 18- I) fZZ 8cj + M z _ I _ 8cj

__ oM2  _P.Mz.aA
[322,19 MZ(M z - l) fZZ _ + M 2- I 8-V

PM 2 8A

0ZZ, Z0 = M z _ I 8p

_zz, zz - ,_"fzz

.'sof interest are calculated.
where only the _ZZ,j
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4.3 INTEGRATION SUBROUTINE

Given the derivatives (fi)and partial derivatives (ai and _i,j) of the

chemical relaxation equations and the fluid dynam'c equations, this sub-

routine integrates these equations using the second order implicit integra-

tion method described in Section 3. The subroutine also determines the

integration step size required to maintain the integration accuracy within

prescribed bounds. These calculations are performed in the following order:

• Predicted values of the species concentrations and the

fluid dynamic variables at the next point in the nozzle
ar_: calculated from the predictor formulas.

• Predicted values of the derivatives and partia] derivatives at
the forward point are obtained from the Derivative Evaluation

Subroutine (described in Section 4. Z)using the predicted values
of the species concentrations and fluid dynamic variables.

• Corrected values of the species concentrations and the
fluid dynamic variables at the next point in the nozzle
are calculated from the.corrector formulas.

• The maximum allowable integration step size which will
> mainta£n the integration accuracy within the prescribed

bounds is calculated from the error forn, ulas for the
integration step.

• On input option, corrected values of the derivatives and
partial derivatives at the new point are obtained fron% the
Derivative Evaluai;ion Subroutine (described in Section 4. Z)
using the corrected values of the species concentrations
and the.fluid dynamic variables.

• The integration then proceeds using a step size of 0.9,
the maximmn allowable step size calculated for the
previous step_

If at any integration step, the step size exceeds the maximum

allowable step size for that step, the integration is repeated using a s_ep

size of 0.9, the maximm_a allowable step size for that step.

The calculations performed in _his _ubroutine are described in

the followi: _ sections.

0
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4.3.1 Prediction-Correcter Calculation

Predicted values of the Sl:.ecies concentrations and the fluid dynamic

variables at the forward point are calculated by solving the set of nonhomo-

geneous algebraic equations

- _i,i, h+ p2 k_P) "- i=l Jn i, i, n - 5ijPi, j, n - _i, , n h

(= 1 - Pi, i,n (f'l,n + a_,n h)h - J=IZ 6ijPi, j,n(fj, n + a.j, nh)

where the sums are perfcrmed only over the species of interest. Using

the predicted values of the species concentrations and fluid dynamic vari-

ables, predicted values of the derivatives and partial derivatives at the

forward point are obtained from the Derivative Evaluation Subroutine.

Corrected values of the species concentrations and the fluid dynamic

variables at the forward point are calculated by solving the set of non-

homogeneous algebraic equations

i, i, n+ 1 k_ - 5ijPi, j n+ t - Pi, j n+ 1j=t ' i= '

2) f N h 2 h Z= l'Pi, i,n+i i,n+lh" _. 5ijPi, j n+ifj,n+i 2 a. --
j: 1 ' I, n+l 3 )

P) h ' -- _" Pi, n+i " Pi,= i= 1 ,j i J' j,n+l

g

In the subsonic nozzle inlet,the number of eqaations (N) to '_e solved -::_

is 2 1 while in the supersonic nozzle expansion cone, the number of eq_-

tions to be solved is 2_- since the pressure is determined from-the pressure
table in the subsonic nozzle inlet.

- 4-82 ,_
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A 3.2 Maximum Allowable IntegrationSte]_Size Calculation"=Xe

The maximum a!lowable integration step size for each equation is

calculated from

66.k.(C) I/Z
I I

h. =

+ Z _i, nfj "ai, n . j n i,n+! + Z _i,j n+l ,n+l
3=i ' ' j=l

m

/

The smallest h. is taken as the maximum allowable in:, gration step
1_ max

size for the integration step. If at any integration step, the step size

exceeded the maximum allowable step size for that step, the integration

is repe_ted using a step size of 0.9, _, aaximum allowable step size

for that step. On input option, corrected values of the derivati--es and

partial derivatives at the new point are obtained fror,a the Derivative

Evaluation Subroutine using the corrected values of the species concen-

and the fluid variables. The thentratiol_ dynamic integration proceeds

using a step size of 0.9, the maximum allowable step size calculated for

the previous step.
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4.4 SPECIES THERMAL FUNCTION SUBROUTINE

Given the temperature, this subroutine calculates the species free

":. energy (Fi), enthalpy (hi),heat capacity (Cpi) and the heat capacity tem-

perature derivative (dCpi/dT). For the species of interest, these quan-
tities are calculated from

4
;3;

;i_'_ Fi(nATT) - hi(nATT) I Cpi(nATT) (T _.)2L",=i Fi = Fi(nATT) + nAT T (T - r-%TT) - _., nATT - nAT

1 Z

_'_ h.l= hilnATT) + Cpi(nATTI(T - nATT) + _ aT .n_TT

• I -' I oo  1'_',_ Cpi = Cpilr_T T) + dd_Ti *_TTIT - nAT T) + Z dT 2 nAT T_- _-

_, c _ < " -,") " 7&_""

. _-.. :',...Li:o:L.Y_S)

when iT - nATTi _"=(I/2)n&T T. If iT - nA_Ti. _-(I/2lnAT,,,,.n.i:sset-"< ."_.;<-,.-'-_,,..._,,,..

equal to the integer Dearest T/AT T and new values of Fi(nATT), hi(nATT),

':" nATT and dz - "":' " -'::?:7_ Cpi(nATT); dCpi/dT I Cpi/dT 2 InAT T are obtained from the %;_"/
: thermal function tables. ,?_"

4.5 EQUILIBRIUM FUNCTION SUBROUTLN, E . " _ . ...+ _,,_,<._<
...-"i'...,:..;-.i.:.:3d..;?:

_[_ Given the temperature_ and species thermal functions; this subrout'ine' ....+"':'_"

calculates the dissociation- recombination reaction: equ_l__bri__urn, constants

and their temperature derivatives. For the reactions of_interest, these

quant._tiesare calcula+ed from . ':'"-::""":7/:'i_
/

::, Reaction I, CO z +.I_,__CO + 0 + M ".-.

13. 9430 "[{LIHI/T)+Fi.'F3"FIs]".
Ki " T .e ,
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Reaction 2, H20 + M___OH + H + M

I.30z95-[I_Hz/T)+FZ-F11-Ft6]
K2 = T e

d--_r-= F g 4 F I, + FI6 + h 2 - hll - h16 -

Reaction 3, CO + M_C + O + M

9.39381-[I_H3/TI+_3-Z13-FIs]
K 3 = e

i T

d--T = _T- F3 + F!3 + F18 + h3 " h13 - h18 -

Reaction 4, C12 + M._.--__2C1 + M

24.2742 " [('_'H4/T)+F4-Zr14]
_ K4 = T e

_" dK4d___'- fA_I4.-. _K4=__ F 4 + 2F14 +h 4 - 2h14 - 1)-_-

Reaction 5, F 2 + M_2F + M

13.0076 - [{_5/T)+Ts-ZF15]
K5 = T e

"_'_--=_ T F5 +2F15+h5 - 2h15

f ----,--IDDRe, :tion 6, HC1 + M___H + C1 + M

' 1. 34206 - [-{AH6/T)+F6-F14-F16]
K6 = T e

-/

x,_ dK6 6 F6 + + + h6d_ = FI4 FI6 - h14 - hi6 " T
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Reaction 7, HF + M_H + F + l_

1, 31064 " [(/'_'IT/T)_'F7"F15 -F163
K7 = T e

_" - F7 + FI5 16 5 - h16

Reaction 8, H 2 + M.,._2H + M

0.690093 - [(Al-181T)+F8-2F 16]
K 8 = e: T

c'/_8 (A_8 I)K8: _ = F8 + 2F16 +h8 - 2h16 ° T
-£

:_il Reaction 9, N 2 + M_ZN + M

: _ [(_I9/T)+F9-ZF 7]"_ 9. 59012 l
_'! K 9 •e9_, = T

'_ 0K9 9 - 1
-_ii --_ = F9 + 2F17 + h9 - 2h17 T

._-_
_ Reaction 10, NO + M_N + O + M
-?

_; _ [(ZI/-Ii0/T)+F I0-F 17 -F 18]::: I0.2267
:, KI0 = T e
.r.

4_ dT FI0 + Fll + F18 + hi0 " hi7 " hi8
_&_.

. Jf_

_:_ Reaction ll, OH+ M_O + H+ M

Kll = T e

,k:_! 1.29840 [(_d'I 11 / T)+F 11 -F 16"F 18]

. 11 F1 1 + F16 + FIg +hi I _ hi 6 . hi 8 _ --

1966011697-120



Reaction 12, 0 2 + M_..ZO + M

10.9339 -[(&H1z/T)+FI2 -ZF18 ]
KI2 = T e

_! liKI2
dKl2 2 - Zh -
d---'_= FI2 + 2F18 + h12 18 T

4, 6 GAS THERMAL FUNCTION SUBROUTINE

Given the flow properties at a point, this subroutine calculates the

mixture gas constant, heat capacity, gamma and it's partial derivative o:_

gamma from the following relationships

18

R = i_1 ciR.
1

18

Cp = i_I= CiCpi

C

y=C P-R
P

8c.-v(,t- I) - , j = t, z, ..-, 18
J P

_V ]L!(_ E1 ci dTaT= -
p i=

The qums are performed only over the species of interest.
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4.7 OUTPUT SUBROUTINE

The output subroutine processes the output da_a, converts the data

to the proper units anc_ calculates the required output quantities. These

calculations are performed in the following order.

• The pressure is converted to psia.

- • The species mass fractions are converted to mole
: fractions.

• The performance parameters are calculated.

• The gas static enthalpy and the percentage total enthalpy
change during the integration frona the chamber are

_ c a!cuiated.

T

" • The entropy change from the chamber is calculated.

• The average expansion coefficients are calculated.

:_ The calculations performed by this subroutine are described in

the following sections.

" 4, 7, I Piessure Conversion

The pressure (in psia) is calculated from

•-,,_- i P
•-%psxa/ = 4633. 056

: 4.7.2 Species Concentration Conversion

_ The species mole fractions are calculated from

_ -

1

}. C. =

• ,m R" ci

4.7.3 Performance Parameter Calculation

_. At the throat, the characteris'.ic exhaust velocity is calculated from

P C

4
%
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The ,.acuum specific impulse is calculated from

!
1 Cv+Isp = 32. 174

The vacuum thrust coefficient is calculated from

I

C F = 3Z. 174-_,

4.7.4 Enthalpy Calculations

The gas static enthalpy is calculated from
/
!
2

18

h - i=_,1 cih i

where the sum is performed only over the species of interest. The

percentage total enthalpy change during the integration from the chamber

is calculated from

t h+g

AHT(a/0) = 100 - Hc

4.7.5 Entropy Change Calculation
2

The entropy change from the chamber is calculated fron,

5S(Btu/Ib °R) = 3.995Z . I0 "-5 18
T i--_ ci(hi - Fi) - Sc

where the sum is performed only over the species of interest.

4.7.6 Average Expansion Coefficient Calculations

> At the throat, the average temperature expansion coefficient is

_-_ calculated from

, T C

N T = ZT---_- - 1.

¢.-89
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In the expansio,, cone, the average temperature expansion coefficient

is calculated by iteration from

-'1

" where

In Z Z
• N -l

,c L (n) = --_- ,
.:: Z T

l-T; in + i
- :,-_:-

-9?.

_;_4 (T1--_i and N ) is the last average temperature expansion coefficient calculated.

.:;.-_ The average pressure expansion coefficient is calculated by iteration

-i_ from __

_'"__" I" I'"

._:_ N In)-I/N

- Z__ eZ P
'.:-_':_:_ : N(pn+l) =-g in _- In ,1 I -C -

Where N (1) is the last average temperature expansion coefficient calculated.
P ,

2

... The average expansion gamma is calculated from

is

y = C- :-
1_ ..P_._

:" Pc _.

'd

q o, _ •v

_-qO :, "

-. :j
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